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The mixed alkali effect in silicate glasses was 
examined from internal friction measurements made over the 
0 temperature range from -190 to 500 C and at a frequency of 
0.4 Hz. Supplemental measurements of the activation energy 
for the different internal friction peaks, dynamic shear 
modulus, density, and index of refraction were also made. 
All measurements were confined to silicate glasses con-
taining mixtures of Li-Na, Li-K, Li-Rb, Li-Cs, Na-K, Na-Rb, 
Na--Cs, and K-Rb. 
Rotger's interpretation of the internal friction of 
mixed-alkali silicate glasses is shown to be incorrect. A 
previously unreported internal friction peak was observed 
whenever two different alkali oxides were present simulta-
neously. The behavior of this peak in the different mixed 
alkali glasses is more easily correlated with the radius 
ratio of t.he two alkali ions present than with the mass 
ratio. A stress induced alkali ion position interchange is 
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I. Introduction 
The goal of any structural model for glassy materials 
lS an understanding of the properties based on the constit-
uent ions of the glass. For glasses containing more than 
one kind of alkali ion, the principal obstacle to such an 
understanding is the "neutralization", or "mixed-alkali", 
effect. 
In an idea 1 solut.ion, a property is expected t.o sho\v a 
linear variation with.cornposition between the compositions 
of the end members. Such an ideal system is not usually 
found in nature. A certain degree of positive or negative 
deviation from ideality exists in almost all real systems. 
IJ.'his deviation is particularly pronounced whenever two dif-
ferent ~lkali ions are present in a glass. It is commonly 
known as t.he "mj_x8d-alka.li" effect. 
Although the mixed-alkali effect was first reported by 
Weber(l) in 1883, the structural conditions responsible for 
this effect remain unknown. It is not only of theoretical 
importance to a knowledge of the structure of alkali glasses, 
but. also of considerable practical importance. For example, 
a mixt.ure of two, or freq11ently three, different alkali ox-
ides is often utilized in the manufacture of electrical 
glasses since the combination of alkalis minimizes the elec-
trical losses.< 2> 
The mixed-alkali effect is most often attributed to 
some t~lpe of interaction between the alkali ions and the 
2 
glass network which only occurs in the presence of at least 
two different alkalis. Since the internal friction of a 
glass is sensitive to the environment of the alkali ions, 
internal friction measurements should provide additional 
information on the mixed-alkali effect. The primary goal of 
this s·tudy was to determine what changes occurred in the 
environment of the alkali ions when they were mixed and to 
relate this information to previously suggested explanations 
for the mixed-alkali effect. 
An earlier study-of the internal friction of mixed-
alkali silicate glasses by Rotger( 3) indicated an apparent 
discrepancy between the mechanical and electrical losses of 
these glasses. He found that, although the electrical loss 
( 4 ) was low, these glasses exhibited an unusually large 
mechanical loss peak. This apparent discrepancy was also of 
interest. 
A secondary objective was to correlate the changes in 
the two internal friction peaks present in single alkali 
silicate glasses with the changes in other properties upon 
the addition of a second alkali. Such a correlation would 
be useful in examining the present interpretations given to 
these internal friction peaks. 
3 
II. Literature Review 
A. The Mixed-Alkali Effect 
R. Weber(l) first reported what is now called the 
mixed-alkali effect in 1883. While studying th~ zero point 
shift of thermometers, he found it was greater in glasses 
con·taining both Nu 2 0 and K 2 0 than in those containing only 
one of the alkali oxides. Since that time, the mixed-alkali 
effect has been observed in many properti~s. of glass and in 
many different compositional systems. 
Three important generalizations are evident from the 
results of the numerous studies of the mixed-alkali effect. 
First, -Jthe mobility of the alkali ions is reduced by rn.:Lxiny 
the alkalis. Secondly, the molar ratio of the alkali oxides 
at which the maxjmum departure from additivity occurs is not 
constant but is strongly dependent upon the alkalis present, 
' 
the total alkali concentration, and the property being mea-
sured. Finally, the degree of deviation from add.iti vi ty if: 
a function of temperature, total alkali content, a11d type of 
alkali present. 
J The reduction ~n tht~ mobility of the alkali ions i.s 
amply illustrated by electrical cond~ctivity, dissipation 
factor, alkali diffusion coef.ficier:ts, and alkali chemica.l 
durability, all of which are especially dependertt upon the 
mobility of the alkali ions. Electrical conducti.vity is 
reduced many orders of mag~itude as th~ alka:is are mixed, 
re<Jardless of typ0 of a.lkali or of vitrif}i!1g co:-·l~')0!1ePt, i.e. 
4 
silicate, ( 2 ' 5 ' 6 ) borate, (?,B) borosilicate, ( 2 , 9 ) or germa~-
nate.(lO) This is accompanied by a simultaneous increase in 
the activati~n energy for electrical conduction. (S, 6 ,lO,ll) 
The dissipation factor, or dielectric loss, also passes 
through a minimum in all mixed-alkali silicate cornpositional 
. (4 12 13) 
systems. ' ' 
)with the first additions of a second alkali to a 
silicate glass, Sendt(l 4 ) and Evstropev(l 5 ) both observed a 
rapid decrease in the.diffusion coefficient of the alkali 
originally present, while that of the second alkali changed 
only slightly. Sendt(l4 ) found that th~ replacement of 25% 
of the Na 2 o by K2 0 in a soda-lime-silicate glass reducpd the 
+ diffusion coefficient. of Na ions by 53%, while the rcplucc--
ment of 25% of the K2 0 by Na 2 o in a potassium-lirne-silicc.'::t2 
glass reduced the diffusion coefficient of K+ ions by only 
19%. A large ion is apparently more effective in reducing 
the diffusion coefficient of a small ion than vice versa. 
According to Evstropev,(lS) the activation energy for dif-
fusion of each kind of alkali ion increases as the concen-· 
tration of that alkali decreases. 
The chemical durability of mixed-alkali glasses has 
also Leen interpreted on the basis of a reductior-1 in the 
alkali mobility. (16) ,, 1. 1 (17) l· ... Peddle · aBo. Sen a11c Too_(~Y 1C1Vt..: 
. • h h . 1 1 b'l' f 1" .,. , 1 ·-· Si10\'i!l t.nat t e c. em.lCC! .. u.ura L.l.ty o a Ka..t l-.l-2d(.-~~ll.J.C?I.te 
a.nd alkali -lime-si 1 ica t.e glas~-:;es, rcsp·2ct .. i ve ly, is great] y 
improved by the mixing of alkalis. They attribut2d the im-
proved cLemi·cal durability to ..=~ dccr<=a:?e in the L-tinC>1.:.nt. of 
5 
alkali removed by ion exchange rather than to a decreasa in 
the tendency of the glass to chemically dissolve. 
' ~The changes in electrical conductivity, dissipation 
factor, alkali diffusion coefficient, and chemical dura-
bility for mixed-alkali glasses all indicate a reduced 
mobility of the alkali ions in these glasses. \The increase 
in activation energy for electrical conduction and alkali 
diffusion also implies an increase in the energy barriers 
which the alkali ions encounter as they move through the 
glass when two alkalis are present. 
The molar ratio of the alkali oxides at which the max-
imum departure from additivity occurs is dependent upon the 
property being measured. In sodium-potassium·-silicatc 
glasses, th . . . . . t ( 18 ) . d t . h d e mJ.nJ.mum J.n VJ.scosJ. -y, J.n en -atJ.on- ar ness, 
(19) d an dielectric constant( 4 , 20 ) occurs at a Na 2 o to K2 0 
ratio of 2.0, 1.5, and 0.75, respectively. Mazurin and 
Borisovskii( 9 ) noted that the molar ~atio of the alkali 
oxides at which the minimum conductivity occurs is 
independent of the vitrifying component, but is strongly 
dependent upon the specific alkalis present. At alkali 
concentrations exceeding 27 mole percent, the position of 
the minimum is independent of total alkali content and 
occurs at approximately equimolar concentrations of the two 
alkalis. Reduction of the total alkali concentration below 
this value shifts the minimum in the direction of the larger 
ion. 
Accordinq to Ivanov, (lO) the mixed-alkali effP~r iQ 
6 
not_ obser",ted in ge:cmanatc or bor2.te glasses containing less 
than 10 mole percent alkali. The complete absence of the 
mixed-alkali effect has not been observed for silicate 
glasses, but the magnitude of the departure from additivity 
t ~ b M k' ( 2l) d' .. h . h ~ . was repor ea y ar 1n to 1m1n1s w1t aecreas1ng 
c.;lkali content. 
The magnitude of the departure from additivity is also 
dependent upon temperature as illustrated by the decrease in 
the minimum in electrical conductivity with increasing 
temperature. (B) Huv.Jever, the minimum in electrical conduc-
tivity only disappears at temperatures considerably above 
those at which the glass begins to flow. 
The sign, as well as the magnitude, of the departure 
from additivity depends upon the particular alkalis present~ 
Caporali( 22 ) found that the molar volume, index of refrac-
tion, and thermal expansion coefficient of Li-Na and Na-K 
silicate glasses exhibit positive deviation at all alkali 
ratios. The molar volume and index of refraction of Li-K 
silicate glasses, however, exhibit both positive and nega-
tive deviations at different Li to K ratios, while the 
therrnal expansion coefficient shows negative deviation at 
all Li to K ratios. 
In sum.rnary, any explanation proposed :for the mixed-
alkali effect in silicate glasses must take into account 
three important conditions. They are the reduction in the 
mobility of the alkali ions, the differences in the molar 
ratio of the alkali oxides at which the maximum deviation 
7 
from additivity occurs, and t~e dependency of the magnitude 
of this deviat.ion from additivity upo:.1 tcl-r1perature, total 
alkali content, and type of alkalis. 
B. Proposed Explanations for the Mixed-Alkali Effect 
Several explanations have been proposed for the proper-
ties of mixed-alkali glasses. Among these are increased 
packing efficiency, (23 ) distribution of different types of 
sites,< 4 ) independent structures,< 24 ) the dynamic approach 
of Weyl, { 25 ) and phas_e separat-ion. ( 26 ) Although some of 
these explanations apply to certain properties, or to the 
behavior of specific compositional systems, none has proven 
to be universally satisfactory. 
One of the first explanations, as proposed by Sheybany, 
( 23) 
was based on the positive deviation in the density of 
some mixed-alkali glasses. According to Sheybany, if only 
one size alkali ion is present, the packing efficiency of 
the alkali ions in the interstices of the glass network is 
"\.._./. 
relatively poor. By using ions of different size, the 
packing efficiency is increased, resulting in a more dense 
structure. This relative densification was offered as an 
explanation for the decreased mobility of the alkali ions. 
'-...... .. ~----~- -- -
This explanation is difficult to reconcile with the 
mola·r volume of mixed-alkali glasses. Caporali ( 22 ) found 
recently that, while the density of all mixed-alkali 
compositional systems exhibits a positive deviation, the 
molar volume can have either a positive or negative 
8 
deviation. As only a negative deviation is indicative of a 
relative densification, the mixed-alkali effect apparently 
occurs in compositional systems not exhibiting relative 
densificat.ion. 
/ 
~1Another explanation for the mixed-alkali effect has 
been offered by Stevels. <4 > It is based on a distribution 
of different types of sites in a glass. He states that 
while ions such as Li+, Na+, and K+ may somewhat alter the 
dimensions of the interstices in a glass, it is possible 
that a distribution of sites is inherent to the glass 
network. The different alkali ions may change this 
distribution of interstices slightly, but would not be 
expected to alter it significantly. 
vlstevels explains the reduction in electrical 
~onductivity for mixed-alkali glasses in the following way. 
~~~ ... ···~··-···. -·--~ -~· """' ····" .~ .. "" 
When the original alkali ions in a glass, e.g., K+ ions, 
are gradually replaced by another alkali ion, e.g., Na+ 
ions, those K+ ions having the weakest bonds should be 
replaced first. The influence of the K+ ions consequently 
decreases rapidly in proportion to the total number of K+ 
ions present. The first Na+ ions are situated in those 
+ interstices most energetically suitable to Na ions. The 
bonding of these Na + ions is considered relatively s·trong 
and consequently, they contribute little to conduction 
processes. Eventually, additional Na+ ions enter sites 
where they are less strongly bonded than the K+ ions which 
they replace and conduction again increases. 
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This argument implies that the subsitution takes place 
iD a previously formed network. The validity of this 
assumption and therefore, of this explanation, is 
questionable as it must be recognized that to some extent 
the alkali ions determine their own environment as the 
network forms upon cooling. 
The hypothesis of independent structures involving no 
mutual interaction between alkali ions was proposed by 
Markin and Myuller. { 24 ) They assume that each type of 
alkali ion moves only among the vacancies left by identical 
ions. Thus, the electrical conductivity is determined 
primarily by the total content of the most highly 
concentrated alkali. According to this hypothesis, the 
elec·trical conductivi·ty of a glass having X mole percent R2 0 
and (1 - X) mole percent R,20 equals the sum of the 
electrical conductivities of a glass containing X mole 
percent R2 0 (remainder Si0 2 ) and a glass containing (1 - X) 
mole percent R,20 (remainder Si0 2 ). 
Mazurin and Borisovskii(g) found this theory adequately 
described the electrical properties of some mixed-alkali 
glasses, but not of others. They recently modified this 
hypothesis by assuming a certain amount of interaction 
between the different alkali ions. They suggested that 
while the alkali present in lesser quantities does not 
contribute significantly to electrical conduction, it may 
modify the mobility of the majority carrier. Thus, the 
electrical conductivity is lower than would be expected 
10 
asswning no interaction. 
By asswning an arbitrary interaction between the 
different types of alkali ions, Mazurin and Borisovskii 
obtained reasonable agreement between experimental and 
c~lculated values for electrical conductivity for most 
mixed-alkali glasses. One major objection to this concept 
is that the interaction between alkali ions has no apparent 
physical significance. 
An explanation for the interaction between different 
alkali ions is found in the dynamic approach of Weyl.( 2 S) 
In this approach, when two identical alkali ions are located 
near the same non-bridging oxygen ion, they oscillate in 
phase, as ·their masses are equal. When the alkali ions are 
different, and hence, have unequal masses, they no longer 
oscilla·te in phase, a.nd an asymmetry of vibrations occurs. 
Weyl states that this asymmetry in vibration strengthens 
the bond between each of the alkali ions and the shared non-
bridging oxygens. Simultaneously, the repulsive force 
between the two unlike alkali ions is reduced because of 
their mutual polarization. This mutual polarization also 
leads to a stronger alkali-oxygen bond, as the alkali ions 
can now approach each other, and the shared oxygen ions, 
more closely. 
Experimental verification of Weyls' asymmetric vibra-
tion concept is difficult, since there is no direct method 
for measuring or identifying asymmetry of vibrations. It 
must also be noted that a change in alkali involves not onlv 
ll 
a different mass, but also a different ionic radius. 
Therefore, a change of alkali not only leads to a possible 
asymme1:ry of vibrations, but also affects those factors 
which depend directly upon ionic radius, such as coordi-
~ation and field strength. 
:.,/The difference in field strength of alkali ions may 
also cause an interaction between different alkali ions. 
Mazurin( 2 ) proposed that an increase in the size of an 
alkali ion decreases the polarization of its neighboring 
oxygen .ions. Thus, the smaller and, from a geometric 
viewpoint, more mobile alkali ion is expected to be bonded 
more tightly. The consequence is a reduction in the overall 
alkali ion mobility. 
Since it is impossible to change the mass without corre-
spending changes in field strength, these two effects are 
difficult to separate. To date it has been impossible to 
determine the comparative validity of the explanations of 
Weyl and Mazurin. 
' 
·)The most recent explanation for the mixed-alkali effect 
was proposed by Charles{ 2 G) and is based on phase separation. 
From electron micrographs of Li-Cs silicate glasses, Charles 
concluded that the partial substitution of a second alkali 
:e:r:om<?tes phase sepa.ration. A high concentration of the more 
mobile ions in the discontinuous phase would account for the 
reduction in electrical conductivity, since the continuous 
phase determines the d.c. conductivity. The larger, and 
less mobile, ion may predominate in the continuous phase and 
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carry the current over most of the compositional range. 
This explanation requires an interaction between the alkali 
ions during cooling, but not necessarily in the solid state. 
The major objection is that some compositional systems not 
having detectable phase separation still exhibit the same 
large decrease in electrical conductivity as those in 
which separation occurs. (G) 
At the present time, increased packing efficiency, a 
distribution of different types of si.tes, and independent 
structures do not adequately explain the mixed-alkali effect. 
Phase separation cannot be completely discounted. It is 
possible ·that phase separation may occur on a scale below 
the present limit of detection in those compositional 
systems for which it reportedly has not been observed. The 
most satisfactory explanations seem to be those involving an 
interaction between alkali ions of different types due to 
ei t.her mass or size differences. However, it is not 
possible to choose between these two explanations from the 
information currently available in the literature. 
Internal Friction 
Ivleu.suremen·ts of the internal friction of alkali 
silicate glasses as a function of temperature reveal two 
. (27 28,29,30) damping maxlma, or peaks. ' At a frequency of 
about 1Hz., one of these peaks usually occurs at or below 
room temperature, while the second occurs in the region 
0 between 100 and 300 C. 
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The low temperature peak in alkali silicate glasses is 
universally attributed to the stress induced movement of 
1 ·1.- ] • • { 2 8 ' 31 ' 3 2) a . .1\.a __ l 1ons. Fitzgerald{ 2 S) measured the 
activation energy for this peak in a soda-lime-silicate 
glass and found it to be almost identical to that for d.c. 
conductivity, sodium diffusion, and alkali chemical durabili-
ty. All of these properties are associated with alkali ion 
movement. With increasing total alkali content, the peak 
moves to lower tempera·tures and becomes larger. The 
activation energy for this peak in Li, Na, and K disilicate 
glasses \vas reported by Rdtger( 3 ) as 14.8, 12.2, and 11.9 
kcal/mole, respectively. 
The second peak at higher temperatures is generally 
ascribed to a mechanism associated with the presence of non~ 
bridging oxygens. {33 , 34 ) There is some uncertainty in the 
precise value of the activation energy of this peak, but 
generally it is approximately twice that of the alkali peak. 
Rdtger{ 3 ) reported values of 23.7, 26.1, and 28.5 kcal/mole 
for the activation energy for this peak in Li, Na, and K 
disilicate_ glasses, respectively. The height of this peak 
is strongly dependent upon the specific alkali present, 
b · t t f K and least for Ll·. <34 ) e1ng grea .es· or For equal alkali 
contents, the peak temperature increases in the order 
Li<Na<K. ( 34 ) 
Mixed--alkali silicate glasses containing approximately 
equimolar amounts of Li-Na, Na-K, and Li-K were reported by 
ROtger{J) and Jadgt( 3 S) to exhibit only one large peak. 
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They suggested that mixing the alkalis causes the original 
alkali peak to incredse in height and move to higher temper-
a.-tures. Steinkamp, Shelby, and Day ( 3 6 ) r·~cen tly reported 
this interpretation to be incorrect. By making small 
additions of a second alkali (0.005 and 0.020 moles); 
they showed that this peak is not related to the original 
alkali peak. The activation energy for this peak as deter-
. d J J d t { 3 5 ) . d . tl . . . d . f m1ne Jy a~g 1ncrease w1 1 1ncreas1ng s1ze 1f crence 
of the alkali ions. The height of this peak increases in 
the order Li-K<Li-Na<Na-K for glasses containing equimolar 
concentrations of each of the alkalis. <35 ) 
There are several differences in the internal friction 
of single alkali silicate glasses and mixed-alkali silicate 
glasses. Over a large compositional range only one large 
internal friction peak is observed for mixed-alkali silicate 
gla:3ses, while two smaller peaks are observed for single 
alkali silicate glasses. The behavior of the alkali peak in 
si~gle alkali silicate glasses agrees well with the electri-
cal properties, whereas the low electrical losses of mixed-
alkali silicate glasses is in direct opposition to the 
presence of the large mechanical loss peak in these glasses. 
A third peak( 34 } in addition to the two normally found 
for alkali silicate glasses may be present in certain alkali-
alkaline earth-silicate glasses. This peak has been 
attributed to the presence of clusters of ions in these 
glasses. With increasing concentration of alkaline earths, 
this peak becomes larger and moves to lower temperatures. 
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III. Exoerimental Procedure 
.. 
A. Sample Preparation 
1. Glass coinposi tions 
Mixed-alkali silicate glasses of the general 
formula (1 - X) R2 0·XR~0·3.0 Si0 2 where R = Li, Na, or K and 
R' = Na, K, Rb, orCs were studied. Two additional glasses 
of composition 0.075 Na 2 0·0.075 cs 20·0.85 Si0 2 and 0.075 K2 0· 
0.075 cs 2 0·0.85 Si0 2 were also prepared. 
tion of each glass is given in Table I. 
The molar composi-
2. Melting and fiber drawing 
Glasses were prepared from reagent grade Li 2co 3 , 
Na2 co 3 , and K2co 3 , chemically-pure Rb 2co 3 and cs 2co 3 , and· 
potter's flint (99.98% Si0 2 ). Initially, the alkali 
carhollates were thoroughly mixed under acetone. The silica. 
was then added, followed by further mixing. 
The glasses were melted in platinum crucibles in a 
furnace open to the atmosphere and heated by silicon carbi d~: 
resistance elements. Each melt was held at approximately 
l400°C. for four hours and stirred several times with fuse~ 
silica rods to aid fining and insure ho~og~neity. Fibers 
approximo.tcly 0. 5 nu-n. in diameter were drawn from the bubble--
free ~elt according to the method described by Poole. (J 7 ) 
3. Heat treatment 
Since the internal friction of a glass is slight.ly 
dependent upon its thermal history, ( 2 ?) it was consider~d 
ue.cessary that a.ll of the glasses have comparable heat 
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TABLE I 
Glass Compositions and Heat Treatment Temperatures 
Molar Composition Heat Treatment 
Temperature (oC) 
---·--
(1 - X) Li 20·X Na20·3.0 Si02 
X ·- 0.000 485 
X - 0.005 485 
X == 0.02 480 
X 
- 0.05 475 
X - 0.15 470 
X = 0.35 465 
X -· 0.50 460 
X = 0.65 470 
X - 0.85 490 
X = 0.95 505 
X - 0.98 510 
X == 1.00 515 
{1 - X) Li O·X K20·3.0 Si02 2 
X = 0.02 480 
X - 0.05 475 
X = 0.15 475 
X - 0.35 470 
X = 0.50 475 
X - 0.65 490 
X 
- 0.85 505 
X = 0.95 520 
X = 0.98 535 
X = 0.995 550 
x 
- 1.00 550 
(1 - X) Li 2 0•X Cs 20·3.0 Si02 
X == 0.02 480 




X - 0.35 480 
X = 0.50 500 
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TABLE I .Continued 
Iv1olar Composition Heat Treatment 
Temperature (oC) 
·-------
(l - X} Na 2 0·X K20·3.0 Si0 2 
X - 0.005 515 
X - 0.02 515 
X = 0.05 510 
X - 0.10 505 
X -- 0.20 505 
X - 0.40 490 
X = 0.50 480 
X = 0.60 490 
X - 0.80 500 
X - 0.90 515 
X - 0.95 530 
X = 0.98 545 
(1 - X) Na 2 0·X Rb 20·3.0 Si0 2 
X - 0.02 515 
X = 0.05 510 
X - 0.50 505 
X - 1.00 580 
(1 - X) Na2 0·X Cs 20·3.0 Si0 2 
X - 0.02 515 
X - 0.05 510 
X - 0.10 505 
X - 0.15 500 
X - 0.35 495 
X - 0.50 505 
(1 - X) K2 0·X Rb 20·3.0 Si02 
X - 0.02 545 
X - 0.05 540 
X - 0.15 530 
X - 0.50 510 
TABLE I Continued 
Molar Composition 
Other Glasses 
0.50 Li 20·0.50 Rb 2 0·3.0 Si0 2 
0.075 Na 2 0·0.075 Cs 2 0·0.85 Si0 2 
0.075 K2 0·0.075 Cs 20·0.85 Si0 2 
1.0 Li~0·3.0 Si0 2 
0.50 Li~0·0.50 Li~0·3.0 Si0 2 










trea-tments. An a-ttempt was made to heat-treat all of the 
glasses in the temperature range where the viscosity of the 
glass was 1012 to 1013 poises. Annealing temperatures( 3S) 
and viscosity data(lS) available in the literature were used 
to select the proper heat treatment temperature. The heat 
treatment temperature for those glasses for which such data 
were not available was estimated from previously reported 
compositional trends, i.e., a decrease in annealing temper-
ature whenever alkalis are mixed. 
The specific temperat:ure used for each glass is given 
in Table I. Several fibers of each composition were held at 
the appropriate temperature for t\r1enty minutes and cooled 
slowly to room temperature in the furnace. The temperature 
gradient in the furnace was less than 10°C. 
The Na-Cs and K-Cs glasses containing 15 mole percent 
total alkali oxide were held at 500°C for four hours and 
cooled slowly to room temperature. This procedure is iden-
tical to that used by Hakim(G) to produce phase separation 
in these glasses. 
B. Internal Friction and Shear Modulus Measurements 
The internal friction and dynamic shear modulus of each 
glass were measured as a function of temperature at a 
frequency of 0.4 Hz. The inverted torsion pendulum shown 
schematically in Figure 1 was identical to that described by 
Miller. <39 ) The elastic member of the pendulum consisted of 




















































































Figure 1. Inverted Torsion Pendulum and Furnace 
20 
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diameter. The specimen was fastened in the pendulum using 
pin vises having machined jaws. This eliminated contact of 
any sharp edges with the glass surface. Movable weights on 
the inertial member were adjusted until a period of oscilla-
tion of about 2.5 seconds (frequency = 0.4 Hz.) was obtained 
at room temperature for each specimen. Air damping and 
oxidation of metal parts were eliminated by enclosing the 
pendulum assembly and furnace in a vacuum chamber operated 
-2 
at a p:cessure of less than 10 torr. Oscillation of the 
pendulum was initiated by a remotely controlled electromag-
net. 
The internal friction was determined from the decay of 
the velocity of the pendulum. The velocity was measured by 
a light beam reflected from a mirror attached to the oscil-
la·ting pendulum and focused on a pickup consisting of a 
silicon solar cell faced by two parallel slits. An electro-
nic timer measured the time required for the light beam to 
cross bet.ween the two slits, as vlell as the period of 
oscillation of the pendulum. Since the time necessary for 
the light beam to travel the fixed distance between the 
slits is inversely proportional to the amplitude of 
vibration, the internal friction can be calculated from the 
. ( 40) eguat~on: 
-1 1 t n ( 1) Q = ln-
n1T to 
where -1 internal friction Q = 
n = number of cycles 
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tn == time r~quired for light beam to 
pass between slits for the nthcycle 
t = time required for light beam to 
0 
. th 
pass between slits for the zero 
cycle 
An electronic gating device permitted recording the time for 
th the zero cycle and the period of oscillation, and then 
automatically displayed the time for the nth cycle. 
For free torsional vibration, the dynamic shear modulus 
of the glass specimen can be calculated from the equation: 
(39) 
( 2 ) 
where G = dynamic shear modulus 
I == moment of inertia of the pendulum 
L = length of sample 
d -- diameter of sample 
p = period of oscillation of thE~ pe:1duJ unt 
'I'he mome-nt of inertia of the pendulum has been determined 
both theoretically and experimentally by Miller. ( 39 ) As the· 
len9t.h a.nd diameter of the sample ·,.;ere easily measured, the 
dynamic shear modulus was calculated from equation (2) 
measuring the period of oscillation of the pendulum as a 
function of t.emperature. The error in the dynami~ shear 
modulus is estimated to be ±5%. 
The precision of the internal friction and period 
L3 
measurements was ±0.10 x 10-3 and ±0.03%, respectively. 111 
those cases where the internal friction was less than 3.b 
x 10-3 , the d~mping was measured over 48 cycles instead of 
16 cycles. This increased the reproducibility of the 
internal friction to ±0.03 x 10- 3 • 
'rhe internal friction and shear modulus were measured 
The furnace was cooled below room 
temperature by forcing liquid nitrogen into the coolant 
chamber through the lower inlet, Figure 1. Elevated 
temperatures were obtained by passing a current through 
resistance wire embedded in porc~lain cement on the outer 
surface of the coolant chamber. Two calibrated bhromel-
alurnel thermocouples locat~ed 2 rrur... from the speciff'en 
measured the temperature. The temperature gradient over the 
entire length of the specimen never exceeded 3°C. 
The internal friction and period of oscillation were 
measured as the temperature increased at a constant rate of 
about 1.75°C /min. About 40 seconds were required to 
measure the damping over 16 cycles, during which time the 
t t · d ao· out. 1 °C. empera ure lncrease The 48 cycJe measurement 
gave ar1 average value of internal friction over about 3.5°C. 
This increase in the temperature error was compensated by the 
increased precision of the in~ern~l friction. 
C. Activati.on Energy 
In an activated process, the relaxation time is 
. . (.41) 









E = activation energy associated with a a 
particular relaxation process 
R = universal gas constant 
T - absolute temperature 




f = frequency of oscillation of the 
pendulum 
By varying the frequency of the pendulum, the activation 
energy can be calculated from the equation 
E 
a 





where T -- internal friction peak temperature, 
OK 
According to equation 5, the activation energy can be 
determined from measurements at only two frequencies. 
However, in this study the peak temperature was measured at 
four different frequencies in order to obtain more reliable 
values for the activation energy. An example of the 
25 
frequency dependence of the peak temperature is illustrated 
in Figure 2. The best fit of the four points was obtained 
from the least squares approximation to a straight line. 
The error in the activation energy determined in this manner 
is ±1.5 kcal/mole. 
D. Density and Index of Refraction 
The density of each annealed glass was determined by a 
comparison method using standards of known density. The 
index of refraction of each annealed glass was determined by 
the Becke line technique. All measurements were made at 
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A. Internal Friction 
1. General 
The internal friction and shear modulus curves for 
a 1.0 Li 20·3.0 Si0 2 glass are shown in Figure 3. A data 
sheet for a 1.0 Na20·3.0 Si0 2 glass, typical of all glasses 
measured, is given in Table XI, Appendix A. 
Most silicate glasses containing alkali oxides exhibit 
a low temperature peak, similar to that at -35°C in Figure 
3, \vhich is generally attributed to the stress-induced move-
ment of the alkali ions. <27 , 28 , 29 ) The second peak at 155°C 
is also typical of alkali silicate glasses and is usually 
ascribed to some mechanism involving the non-bridging oxygen 
. (33,34) J.ons. The rapid increase in damping at higher 
temperatures is due to a network absorption related to the 
viscous nature of glass. <42 > 
A relaxation-of the dynamic shear modulus occurs at an 
internal friction peak( 4 0) as indicated by the relationship 
where 
-1 11 WT (6) Q = 2 l + {w-r) 
-1 internal friction Q -
w = 2n frequency of oscillation of the 
pendulum 
-r = relaxation time 
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Figure 3. Typical Internal Friction and Shear 
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Figure 4. Internal Friction Curve for 
a 1.0 Li 20·3.0 Sio 2 Glass 
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G = relaxed shear modulus 
00 
Figure 3 shows the relaxation of the shear modulus at the 
internal friction peak temperatures for a 1.0 Li 20·3.0 Si0 2 
glass. The internal friction and shear modulus c~1rves for 
each glass investigated are shown in Figures 31 to 88 , 
Appendix B. 
2. Background designation and peak analysis 
The height and temperature reported for an 
internal friction peak are somewhat dependent upon the 
assignment of a background level. The overlapping of peaks 
may also be important. It is important that the procedure 
employed for. designating the background level and the 
assumptions made in separating partially superimposed peaks 
be understood. 
Since there is no theoretical basis for describing the 
network relaxation as a function of temperature, background 
levels must be approximated. This is done more easily from 
curves in which internal friction is plotted on a lineaD 
rather than a logarithmic axis. This eliminates the 
distortion arising from the unequal weight given to low 
internal friction values by a logarithmic axis. A typical 
background level is shown in Figure 4 for a 1.0 Li 20·3.0 
Si0 2 glass. As no peaks are present above 200°C, the 
background level was assigned as follows. First, the sharp 
0 increase in internal friction starting at about 300 C was 
attributed entirely to background, or network absorption. 
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AI: lo\ver temperatures, the network absorpt.ion was assumed 
independent of temperature with a magnitude equal to the 
lcwest observed value of internal friction. A gradual 
change throughout the intermediate temperature range was 
used to unite these two temperature regions. 
The background level assigned to each glass is included 
in Figures 31 to 88, Appendix B. The background levels 
appear somewhat distorted due to the transition from a 
linear to a logarithmic representation. A comparison of the 
background levels shown in Figures 3 and 4 illustrates this 
distortion. 
This method of choosing the background yields a 
background curve similar in shape to the internal friction 
curve for fused silica. ( 42 ) Fused silica exhibits no large 
peaks, a relatively constant internal friction below 700°C, 
and a sharp increase in internal friction above this 
temperature. A lead glass studied by Mohyuddin and Douglas 
( 3 2 ) h . b . . . 1 . t 1 f . t . Th also ex l 1ts a s1m1 ar 1n erna ·r1c 1on curve. ese 
two glasses are considered to support this method of choosing 
the background level. 
In some glasses partial or complete superposition of 
peaks complicated the precise determination of peak height 
and tempe.rat.ure. In these cases, the peaks were assumed to 
be symmetrical and then separated by simple addition and 
subtraction until the resolved peaks duplicated the 
experimental curve. In a majority of the glasses in which 
complete overlap occurred, the composite peak consisted 
32 
almost entirely of one predominant damping mechanism. The 
contribution from the other damping mechanisms in these 
glasses was assumed negligible, and the composite peak was 
attributed to the dominant mechanism without serious error. 
3. Alkali silicate glasses 
Internal friction curves for alkali silicate 
glasses containing Li, Na, K, or Rb are shown in Figure 5. 
Each glass exhibited an alkali peak and a non-bridging 
oxygen peak. The temperature and height above background 
for each of these peaks are given in Table II and are in 
• f t • th • • t • t • ( 3 1 3 3 1 3 4) sa·t1.s actory agreemen Wl prlor J_nves lga lens. 
No results have been reported previously for the 1.0 Rb20· 
3.0 Si0 2 glass. 
The compositional dependency of these peaks is evident 
from Table II. Both peaks shifted to higher temperatures in 
the order Li, Na, K, and Rb. The height of the alkali peak 
decreased in this order, with the exception of the Li glass, 
while that of the non-bridging oxygen peak decreased in the 
reverse order, i.e. Rb, K, Na, and Li. The distribution of 
relaxation times, as indicated by the width of the alkali 
peak at hal£-height, was essentially constant in all four 
glasses, Table III. 
The reproducibility of the temperature of the alkali 
peak and the non-bridging oxygen peak was ±2.0°C and ±3.0°C, 
respectively. The error in the height above background is 
±0 .15 x 10-3 • The error in the peak width at half- height is 
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Figure 5 .. Internal Friction Curves for 
the 1.0 R20·3.0 Sio2 Glasses 
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TABLE II 
Temperature and Height above Background of Alkali and 
Non-Bridging Oxygen Peaks in Alkali Silicate Glasses 
Alkali Peak Non-Bridging Oxygen Peak 
Glass Temp. (°C) Height (X 10 3) Temp . ( ° C} Height ( X 1 0 3) 
1.0 Li 20·3.0 c·o -37 5.1 155 1.6 ..... l 2 ( -39) (4.4) ( 145) 
1.0 Na 20·3.0 Si02 -32 6.7 182 3.4 ( -34) ( 7. 3) ( 177) 
1.0 K /.0 · 3. 0 S iO 2 -30 4.7 186 4.5 ( -28) ( 5. 3) ( 18 6) 
1.0 P.b 20 • 3. 0 Si0 2 -22 3.9 202 4.5 
) according to Ryder and Rindone( 34 ) 
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4. Mixed-alkali silicate glasses 
Internal friction curves for several mixed-alkali 
silicate compositional systems are shown in Figures 6, 7, 8, 
and 9. These figures illustrate three important changes in 
the damping of alkali silicate glasses with the addition of 
a second alkali. First, the alkali peak always moved to 
higher temperatures and became smaller. Second, the non-
bridging oxygen peak changed only slightly. Finally, a new 
damping peak appeared having a magnitude 3 - 5 times that of 
the original alkali peak. The detailed data for these 
glasses are given in Tables III, IV, V, VI, and VIII. 
The behavior of the alkali peak upon addition of a 
second alkali is depicted in Figures 10 and 11. In every 
glass, the peak moved to higher temperatures and became 
smaller with increasing concentration of the second alkali. 
The magnitude of the change in peak temperature and height 
for a given substitution of the second alkali depended upon 
which alkali was added. The width at half-height of the 
alkali peak generally decreased as the alkalis were mixed, 
Table III, although an initial increase followed by a 
decrease was observed for the Li-K and Li-Cs glasses. 
From an examination of Figure 6, it could easily be 
concluded that the single, large peak of many mixed-alkali 
silicate glasses resuits from a growth of the non-bridging 
oxygen peak. However, examination of Figures 7 and 9 
indicates that this interpretation is not correct. 
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Figure 6. Internal Friction Curves for 
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Figure 7. Internal Friction Curves for 
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Figure 8. Internal Friction Curves for 
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Figure 9. Internal Friction Curves for 
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Figure 10. Dependency of Alkali Peak TemperaLur~ 
and Hei9ht Above Background upon R2o 
Concentration for the (l-X)Li 20·X R2o 








































Figure 11. Depen~ency of Alkali Peak Temperature 
• 
and Height Above Background upon R2o 
Concentration for the (l-X)Na 20·X a 2o· 
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Figure 14. Dependency of Mixed Peak Temperature 
and Height Above Backg~ound upon K2o 
Concentration for the (l-X)Li 20·X K2o· 



















Width at Half-Height of Alkali Peak 
for Mixed-Alkali Silicate Glasses 
46 
TABLE III Con-tinued 
Glass Peak Width at ¥alf-H3ight 
~T(±l°C) ~rn X 10 (±0.04) 
.l 
------------------------- ------------
(1 - X) Na 20·X cs 20·3.0 Si02 
X - 0.02 63 1.10 
X - 0.05 62 1.03 
X = 0.15 65 0.98 
X = 0. 35- 62 0.90 
(1 - X) K O•X Rb 20·3.0 Si0 2 2 
X == 0.02 70 1.02 
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TABLE IV 
Temperature and Height above Background for Alkali 
and Mixed Peaks in Mixed-Alkali Silicate Glasses 
Glass Alkali Peak 
10 3 ) 
Mixed Peak 
10 3) Temp. ( °C) Height(x Temp. ( °C) Height(x 
(1 - X) Li 20·X Na 20·3.0 c·o .... .1. 2 
X == 0.00 -37 5.1 
X -- 0.005 -36 4.3 133 ±3 2.0 ±0.2 
X == 0.02 -25 2.8 112 ±3 3.8 ±0.2 
X == 0.05 not resolved 98 ±2 7.3 ±0.2 
X == 0.15 II II 80 ±2 17.4 ±0.2 
X ::: 0.35 II II 80 ±2 25.6 ±0.2 
X 0.50 II II 88 ±2 27.8 ±0.2 --
X 0.65 II II 98 ±2 26.4 ±0.2 --
X == 0.85 II II 110 ±2 19.8 ±0.2 
X == 0.95 +1 2.9 132 ±2 12.0 ±0.2 
X = 0.98 -16 3.9 138 ±3 7.1 ±0.2 
X = 1.00 -32 6.7 
(1 - X} Li 20·X K20·3.0 Si0 2 
X -- 0.02 -30 4.3 300 ±4 1.9 ±0.3 
X -- 0.05 -18 3.3 275 ±3 2.9 ±0.3 
X = 0.15 +25 2.2 230 ±2 6.0 ±0.2 
X = 0.35 not resolved 172 ±2 9.5 ±0.2 
X == 0.50 II II 170 ±2 14.0 ±0.2 
X 0.65 II II 183 ±2 15.3 ±0.2 ·-
X - 0.85 +42 2.8 205 ±2 16.1 ±0.2 
X = 0.95 0 3.2 227 ±2 11.2 ±0.2 
X = 0.98 -12 3.5 240 ±3 7.7 ±0.2 
X ::: 0.995 -25 4.1 255 ±4 3.0 ±0.3 
X - 1.00 -30 4.7 
(1 - X) Li 20·X cs 20·3.0 Si0 2 
X ·- 0.02 -34 5.0 
X = 0.05 -26 4.9 
X == 0.15 - 2 3.3 
X - 0.35 +73 2.4 310 ±5 3.4 ±0.5 
X = 0.50 not resolved 236 ±5 7.0 ±0.5 
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TABLE IV Continued 





!.ernp. { ° C) !Ieight(x Temp. (°C) Height{x 
(1 - X) Na20·X K20·3.0 Si0 2 
X -- 0.005 -29 5.6 165 ±3 1.9 ±0.3 
X - 0.02 -17 4.3 156 ±2 4.1 ±0.3 
X -- 0.05 - 5 3.0 151 ±2 7.8 ±0.2 
X ::::: 0.10 +13 2.2 146 ±2 12.0 ±0.2 
X - 0.20 not resolved 132 ±2 17.2 ±0.2 
X ::::: 0. 40 II II 115 ±2 28.2 ±0.2 
X -· 0.50 II " 114 ±2 30.3 ±0.2 
X -- 0.60 II II 115 ±2 32.4 ±0.2 
X ::::: 0.80 II II 116 ±2 26.5 ±0.2 
X 0.90 II II 137 ±2 20.0 ±0.2 -
X - 0.95 +12 1.5 140 ±2 14.0 ±0.2 
X ::::: 0.98 - 7 3.3 150 ±3 9.1 ±0.3 
(1 - X) Na C•X Rb 20·3.0 Si0 2 2 
X = 0.02 --23 4.4 248 ±4 3.0 ±0.3 
X = 0.05 -12 3.6 235 ±3 5.8 ±0.2 
X -::::: 0.50 not resolved 148 ±2 26.0 ±0.2 
X ::::: 1.00 -22 3.9 
(1 - X) Na 20·X Cs 20·3.0 Si02 
X = 0.02 ·-27 5.9 360 ±5 1.9 ±0.3 
X -- 0.05 -20 5.0 338 ±5 3.1 ±0.3 
X -- 0.10 - 9 4.1 323 ±4 4.7 ±0.3 
X -- 0.15 - 4 3.9 300 ±3 6.4 ±0.3 
X ::::: 0.35 +62 3.1 242 ±3 11.0 ±0.2 
X - 0.50 not resolved 195 ±2 14.1 ±0.2 
(1 - X) K O•X Rb 20•3.0 Si0 2 2 
X ::::: 0.02 -22 102 ±4 2.2 ±0.3 
X ·- 0.05 -10 89 ±4 4.2 ±0.3 
X ::::: 0.15 not resolved 80 ±3 8.4 ±0.3 
X 0.50 II II 78 ±2 17.0 ±0.2 = 
(1 
- X) Li 20·X Rb 20·3.0 Si0 2 
X = 0.50 not resolved 198 ±3 10.5 ±0.4 
49 
TABLE IV Continued 
Glass Alkali Peak Mixed Peak 
Temp. (°C) Height(x 10 3 ) Temp. (°C) Height(x 10 3 ) 
R -- Na not resolved 227 8.1 
R == K " " 181 12.3 
(1 - X) Li~O·X Li~0·3.0 Si0 2 
X == 0.50 -39 5.5 
X = 1.00 -41 6.0 
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TABLE V 
Temperature and Height above Background for 
Non-Bridging Oxygen Peak in Mixed-Alkali Silicate Glasses 
Glass Non-Bridging Oxygen Peak 
10 3 ) 0 Height (x Temp. ( C) 
Li 2 0·3.0 Si02 155 1.6 
Na2 0·3.0 Si02 182 3.4 
K20·3.0 Si0 2 186 4.5 
Rb 20·3.0 Si0 2 202 4.5 
Li~0·3.0 Si0 2 165 1.7 
0.50 Li~0·0.50 Li~0·3.0 174 1.4 
Si02 
(1 - X) Li 2 0•X cs2 0·3.0 Si0 2 
X = 0.02 160 1.3 
X = 0.05 172 1.3 
X = 0.15 185 1.2 
X = 0.35 220 1.9 
(1 - X) Na 20·X cs 20·3.0 Si0 2 
X = 0.02 190 2.8 
X = 0.05 195 2.6 
X = 0.10 202 3.2 
(1 - X) Li 2 0·X K20·3.0 Si0 2 
X = 0.02 162 1.6 
X = 0.05 167 1.7 
TABLE VI 
Distribution Parameters and Activation Energy for the Mixed Peak 
of Mixed-Alkali Silicate and Aluminosilicate Glasses 
Glass Peak Width Peak Width Peak Width Obs. -1 Activation Qcalc. (fl.l X 103) from Eq. 9 Peak Width Calc. Energy T (fll X 103) (±0.2) Q_, (kca1/mo1e) (±0.04) obs. T (±1.5 kcal/ (±0.01) (±0.3) 
mole) 
(1 - X) Li 20·X Na20·3.0 Si0 2 
X = 0.05 0.73 0.21 3.4 24.58 
X = 0.15 0.76 0.23 3.4 3.5 23.18 
X =· 0.50 0.70 0.21 3.3 3.6 24.50 
X = 0.85 0.69 0.19 3.6 3.9 27.76 
X = 0.95 0.59 0.18 3.3 29.11 
0.50 R20·0.50 R20•3.0 Si02 
R = K, R' = Rb 0.82 0.22 3.7 4.0 24.14 
R = Li, R' = Na 0.70 0.21 3.3 3.6 24.50 
R = Na, R' = K 0.68 0.20 3.4 4.0 25.85 
R = Na, R' = Rb 0.67 0.20 3.4 3.8 26.71 
R = Li, R' = K 0.61 0.19 3.2 3.2 27.07 
R = Na, R' = Cs 0.62 0.19 3.3 3.8 27.77 
R = Li, R' = Rb 0.54 0.18 3.0 3.5 28.53 
TABLE VI Continued 
_, Glass Peak Wid~h Peak Width Peak ~vidth Obs. Qc;lc. Activation ( ~ 1 X 10 ) from Eq. 39 Peak Width Calc. Energy T (.:\~ x 1o r (±0.2) Q-1 (kcal/mole) (±0.04) obs. (±1.5 kcal/ (±0.01) (±0.3) 
mole) 
(1 - X) Li 20•X Na20•l.O Al203 ·6.0 Si0 2* 
X= 0.15 1.09 3.6 
X = 0.35 0.74 3.0 
X = 0.50 0.69 0.25 2.8 2.8 21.22 X = 0.65 0.70 2.9 
X = 0.85 1.00 3.0 
* According to Steinkamp( 47 ) 
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at temperatures above that of the non-bridging oxygen peak 
as K2 0 replaces Li2 0. This new peak is just barely percep-
tible in the glass containing 0.02 K2o. With increasing 
K2 0 content, it shifted to lower ·temperatures and became 
larger and better defined. The 0.85 Li 20·0.l5 K20·3.0 Si02 
glass appears to have only one peak at about 200°C because 
of the large amount of overlap of the non-bridging oxyge~ 
peak and the ne~v in tf.;rnal friction peak. 
In Figure 9, a new peak is again observed, but in the 
temperature region bet.ween the alkali peak and the non-
bridgin<J oxygen peak. An analysis of this peak reveals that 
it increased in height and moved to lower temperatures as 
Rb 2 0 replaced K20. 
Upon initial consideration, the Li-Na glasses in Figure 
6 seem some\vhat different from t.he Li-K and K-Rb glasses. 
However, it has been shown that the new peak occurs at 
temperatures either above, Li-K, or b~low, K-Rb, that of the 
non-bridging oxygen peak. There is no reason why the new 
peak could not occur at a temperature quite close to that of 
the non-bridging oxygen peak. This would give the appear-
ance of a growth of the non-bridging oxygen peak, while in 
reality, .it would be the growth of the new peak. The skew~ 





glass is considered indicative of the new peak 
in the Li-Na glasses. 
The internal friction versus temperature curves for the 
Li-es, Na-Rb, and Na-Cs glasses in Appendix B clearly 
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establish the growth of a new internal friction peak with 
additions of a second alkali. The Na-K glasses resemble the 
Li-Na glasses in that they do not clearly exhibit a distinct 
new peak. However, this is again attributed to the proxim-
ity of the non-bridging oxygen peak and the new peak 
considered to develop as K replaces Na in these glasses. 
Since five of the seven compositional systems exhibited a 
distinct third peak, the Li-Na and Na-K glasses have been 
assumed to contain a similar peak. As this peak only 
appeared in those glasses containing a mixture of alkali 
oxides, it will hereafter be called the "mixed" peak. 
The height and temperature of the mixed peak for the 
Li-Na, Na-K, and Li-K glasses are shown in Figures 12, 13, 
and 14, respectively. Similar trends were also observed in 
the other compositional systems. These curves are similar 
in that the peak height passed through a maximum and the 
peak temperature passed through a minimum as the alkalis 
were mixed. 
It is clear from Figures 6 and 9 that the changes in 
the non-bridging oxygen peak cannot be determined in these 
compositional systems. However, in the Li-Cs (Figure 8) and 
Na-Cs glasses there was sufficient separation between the 
non-bridging oxygen peak and the mixed peak so that the 
changes in the non-bridging oxygen peak could be followed 
with the initial substitution of Cs for Li and Na. 
Reference to Table v shows that the non-bridging oxygen peak 
moved gradually to higher temperatures while remaining 
55 
essenti~lly constant in height. 
The errors in the temperature, height above background, 
and peak '\vidth at half-height for the mixed peak are given 
in Tables IV and VI. These errors depended upon the rela-
-t.i.ve position and height above background of the mixed peak · 
with respect to the other peaks and the network absorption. 
B. Shear Modulus 
Each glass exhibited a general decrease in shear 
modulus with increasing temperature as shown in Figures 31 
to 88, Appendix B. Since the error in the shear modulus is 
approximately of the same magnitude as the difference in 
shear modulus between consecutive glasses of the same 
compositional system, only general trends within and between 
compositional systerns have been considered. Table VII lists 
the shear modulus at -160°C for each glass. A positive 
deviation from additivity generally occured upon mixing two 
alkalis. This is illustrated in Figure 15 for the Li-K 
glasses. 
The important use of the shear modulus in the present 
investigation was in determining the relaxation ratio. The 
1 . . ( 40 ) . d f. d re axat~on rat~o ~s e ~ne as 
where 
G - G 0 00 
= 
Goo 
~ = relaxation ratio 
G - unrelaxed shear modulus 
0 





Shear Modulus, Density, and Index of Refraction 
of Mixed-Alkali Silicate Glasses 
Glass Densit3 Index of Shear Modulus 
(gm/cm ) Refraction at -160~C 
(dynes/em x 
lo-ll> 
(1 - X) Li 20·X Na 20·3.0 Si0 2 
X == 0.00 2.307 1.513 3.29 
X = 0.005 2.309 1.513 3.47 
X - 0.02 2.313 1.512 3.47 
X - 0.05 2.316 1.511 3.32 
X = 0.15 2.337 1.512 3.61 
X == 0.35 2.367 1.510 3.11 
X = 0.50 2.391 1.508 2.97 
X = 0.65 2.409 1.506 2.97 
X - 0.85 2.423 1.503 2.89 
X = 0.95 2.431 1.500 2.72 
X = 0.98 2.430 1.499 2.66 
X = 1.00 2.434 1.498 2.47 
(1 - X) Li 20·X K20·3.0 Si0 2 
X = 0.02 2.310 1.513 2.43 
X = 0.05 2.318 1.512 3.36 
X = 0.15 2.331 1.510 2.93 
X == 0.35 2.366 1.507 3.03 
X - 0.50 2.387 1.506 2.88 
X = 0.65 2.405 1.505 2.55 
X - 0. 85 . 2.420 1.503 2.22 
X = 0.95 2.414 1. 501 2.01 
X ·- 0.98 2.411 1.500 2.13 
X = 0.995 2.410 1.499 2.08 
X - 1.00 2.410 1.499 1.92 
(1 - X) Li 20·X Rb20·3.0 Si0 2 
X = 0.50 2.704 1.514 2.88 
X = 1.00 1.511 1.79 
(1 - X) Li 20·X cs 20·3.0 Si02 
X = 0.02 2.337 1.511 3.13 
X = 0.05 2.382 1.510 3.34 
X = 0.15 2.517 1.514 3.11 
X .= 0.35 2.760 1.521 2.76 
X = 0.50 2.941 1.525 2.67 
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Figure 16 illustra·t:es how the relaxation rat.io was det:t:rmin-
ed experimentally. When the relaxation ratio is knovo~n, and 
a single relaxation time is assumed, the magnitude of an 
internal friction peak· can be calculated from equation 6. 
Since wT = 1 at the peak temperature, 
(8) 
The ratio of this calculated value of internal friction to 
that measured experimentally is related to the distribution 
of relaxation times for a particular internal friction peak. 
If the relaxation has one definite relaxation time, then the 
ratio of the calculated and experimental internal friction 
is unity. Whenever the alkalis were mixed the relaxation 
ratio always passed through a maximum, as did the height of 
the mixed peak. The ratio of the calculated to the measured 
peak height was essentially constant for the Li-Na glasses, 
while it decreased slightly with increasing radius ratio for 
those glasses containing equimolar concentrations of two 
alkali oxides, as shown in Table VI. The estimated error in 
the relaxation ratio and in the ratio of the calculated peak 
height to that measured experimentally was ±10% and ±0.3, 
respectively. 
The major error in the absolute values of the shear 
modulus resulted from the small variations in fiber diameter, 
as the shear modulus depends upon the fourth power of the 
fiber diameter. This error was minimized by using an 
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average of 30 measurements of the fiber diameter taken along 
the length of the fiber. 
Repeated measurements of the shear modulus for a 
1.0 Na 20·3.0 Si0 2 glass gave an average value at 20°C of 
11 2 ~ . 11 2 2.37 x 10 dynes/em ana a range of 0.22 x 10 dynes/em • 
11 2 This agrees closely with a value of 2.36 x 10 dynes/em at 
20°C calculated from the elastic modulus and Poisson's ratio 
. (35) 
reported for this glass by Jadgt. 
C. Activation Energy 
Milberg( 43 ) recently reported that the activation 
energy for electrical conduction in R20·3.0 Si0 2 glasses 
is 14.8 kcal/rnole, regardless of the type of alkali present. 
In the present study, an activation energy of 13.9 ±1.5 kcal 
/mole was measured for the alkali peak for a Li 20·3.0 Si0 2 
glass. The similarity in these values suggests that the 
process responsible for the alkali internal friction peak is 
similar to that for electrical conduction. 
The increase in the activation energy for the alkali 
peak as Cs replaced Li in a Li 20·3.0 Si0 2 glass is illustra-
ted in Figure 17. Within experimental error, the activation 
energy for this peak is a linear function of the peak 
·temperature. 
ROtger( 3 ) reported values for the activation energy of 
the single peak he observed. in glasses containing approx-
imately equimolar concentrations of two alkalis. When 
allowance is made for the differences in total alkali oxide 
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content and the exact relative concentration of the two 
alkalis, ROtger's values compare favorably with those found 
in the present study. Tables VI and VIII list the 
activation energies for the mixed peak and the alkali peak 
in some of the glasses investigated. The activation energy 
for the mixed peak reached a minimum as the alkalis were 
mixed in the Li-Na glasses as shown in Figure 18. For those 
glasses containing 2quimolar concen·trations of two alkalis, 
the activation energy increased with increasing radius ratio 
of the two alkali ions and was linearly related to the peak 
temperature. 
D. Index of Refraction and Density 
The index of refraction and density for each glass are 
listed in Table VII. Reproducibility of the index of 
refraction and density measurements was ±0.001 and ±0.003 
gm/cm3 , respectively. 
<1> 
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'l'ABLE VI I I 
Distribution Parameters and Activation Energy for the Alkali 
Peak of Lithium-Cesium Silicate Glasses 
Glass Peak Width Peak Width Peak Wi85g. Activation (fll X 103) (lll. X 103) Energy 
T T Peak Wtdrh (kcal/mole) (±0.04) (±0.01) a c. (±0.2) (±1.5 kcal/ (Obs.} (Calc.) mole) 
{1 - X) Li 20·X cs 20·3.0 Si02 
X = 0.00 1.15 0.37 3.1 13.98 
X - 0.15 1.15 0.32 3.6 16.30 
X -- 0.35 0.83 0.25 3.3 23.44 
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V. Discussion 
A. Alkali Peak 
The low temperature internal friction p2ak of alkali 
silicate glasses is universally attributed to the stress 
induced movement of alkali ions.< 3 , 28 , 29 ) This peak should 
reflect, therefore, those changes which may occur in the 
environment of the alkali ions when the alkalis are mixed. 
Those characteristics of the alkali peak which must be 
considered are the peak temperature, height, and width at 
half-height. 
ROtger( 3 ) reported previously that the alkali peak in 
mixed-alkali silicate glasses becomes larger and shifts to 
higher temperatures as the alkalis are mixed. Figures 6, 7, 
8, and 9 clearly show that, while the alkali peak docs move 
to higher temperatures, it becomes smaller rather than 
larger upon substj_tution of the second alkali. The large, 
single peak observed by ROtger is obviously not the alkali 
peak. 
The temperature distribution of relaxation times is 
related to the different environments of the ions partici-
pating in the relaxation process.< 40) ·If all of the alkali 
ions were located in identical energy states, the relaxation 
process would have one, unique relaxation time. A change in 
this distribution is most easily measured from the peak 
width at half-height. Figure 19 illustrates the effect of 
an increase in the temperature distribution of relaxation 
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Figure 19. Effect of a Distri.bution of Relaxation 
Times upon the Shear Modulus and the 




times. Peak A represents a single relaxation time at a 
given temperature. Under these conditions, the quantity 
wT/(1 + w2 T 2 ) attains the maximum value of 0.50. Curve B 
results when a distribution of relaxation times is present. 
Since the area under the two curves should be constant, the 
broadening of curve B is accompanied by a reduction in 
height. 
An examination of the width at half-height for the 
alkali peak in the R20·3Si02 glasses, as given in Table III, 
shows that it is inde~endent of the alkali present. 
Apparently, the distribution of relaxation times for the 
alkali peak is independent of the type of alkali, and those 
aspects of the alkali environment important to the mechanism 
responsible for this peak are also independent of type of 
alkali. This is interesting since the Li and Na glasses 
have been shown to contain clusters of alkali ions, whereas 
t 
(44) K and Rb glasses do no • This implies the distribution 
of relaxation times is not especially dependent upon the 
near neighbor environment of the alkali ions. 
Further examination of Table III shows that the alkali 
peak decreases in width with the addition of the second 
alkali. The magnitude of this decrease is not particularly 
dependent upon the alkali added, although there is an 
initial small increase in peak width, followed by a decrease 
in those glasses where the alkali ions are quite different, 
such as the Li-K and Li-Cs glasses. The different alkali 
ions seem to have only a small effect upon the distribution 
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of relaxation times for the alkali peak. 
The decrease in peak width at half-height for the 
alkali peak can be accounted for by an increase in the 
activation energy. The peak width at half-height for a 
Debye peak having a single relaxation time can be calculated 
from the activation energy for that peak by means of the 
. . ( 45) 
equac1on 
t!(~) 2.535 R = E 
a 
v1here [! (¥) = peak width at half-height 
R = universal gas constant 
E = a activation energy 
(9) 
A comparison of this value with the experimentally measured 
peak width is indicative of the broadness of the distribu-
tion of relaxation times. If the only changes in peak width 
are those caused by an increase or decrease in activation 
energy, this ratio should remain constant. 
The ratio of the observed peak width to that calculated 
from equation 9 is given in Table VIII for the alkali peak 
of the Li-Cs glasses. The relative constancy of this ratio 
indicates that no significant broadening occurs as Cs 
replaces Li. Since the changes in peak width for the Li-Cs 
glasses are similar to those of the other mixed-alkali 
glasses listed in Table III, these changes in the alkali 
peak width as the alkalis are mixed are considered due to 
the increase in activation energy for the alkali peak rather 
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than to change in the distribution of relaxation times. 
Any change that does occur would be a narrowing, rather than 
a broadening, of the distribution of relaxation times. 
The height of an internal friction peak, such as the 
~lkali peak, is a function of the concentration of relaxing 
units, the relaxation strength (ratio of the energy absorbed 
to that required for the relaxation per relaxing unit), and, 
to a lesser extent, the distribution of relaxation times. 
Since the changes in the peak width for the alkali peak are 
those normally expected from the increase in activation 
energy, the decrease in the height of the alkali peak as the 
alkalis are mixed must result from a decrease in either the 
concentration of relaxing units or the relaxation strength. 
If upon the substitution of a second alkali, the alkali pea~ 
is still due to the primary alkali, there should be little 
or no change in the relaxation strength. A decrease in the 
concentration of relaxing units seems to be the most 
plausible explanation for the decrease in height of the 
alkali peak.· 
One reason for the decrease in concentration of 
relaxing units is obviously the decrease in the concentra-
tion of the primary alkali. However, if this were the only 
factor, the height should depend only upon the amount and 
not upon the type of second alkali. Figures 10 and. 11 show 
the height is indeed dependent upon the kind of second 
alkali as well as the amount. An interaction between the 
two kinds of alkali ions, the magnitude of which depends 
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upon the size or mass difference of the alkali ions would 
account for this behavior. If, as Mazurin( 2 ) and Weyl( 2S) 
state, the bonding of each alkali ion to ~heir shared oxygen 
ions is increased by the formation of unlike pairs, the 
formation of such pairs could decrease the concentration of 
relaxing units. Since the tendency to form pairs is expec-
ted to decrease as the mass or size difference increases, 
the effect of the second alkali upon the mobility of the 
first might also decrease with increasing size or mass 
differences between the two alkali ions. This could explain 
+ why Na caused a greater reduction in the height of the al-
kali peak of a Li 20·3.0 Si0 2 base glass than did K+ orCs+, 
Figure 10. A similar effect is noted in Figure 11 for the 
Na 20·3.0 Si0 2 base glass. 
The exact reason for a shift in peak temperature-is of 
some question. R~tger( 3 l) suggested that the temperature 
dependency of the relaxation time is expressed by the 
Arrhenius relationship given in equation 3. A change in the 
relaxation time and hence, a change in peak temperature, can 
result from either a change in activation energy or a change 
in T • 
0 
Kirby< 46 > suggested that T contains an entropy term 
0 
and expressed equation 3 according to the theory of Eyring 
( 41) as 
h Ea/RT -~S/R 
= KT e e 
(10) 
where h = Planck's constant 
K = Boltzmann's constant 
T = absolute temperature 
E = activation energy a 
R = universal gas constant 
68 = entropy of activation 





Previous studies have suggested that a change in 
activation energy is the predominant factor affecting the 
peak temperature. In the present study, the activation 
energy for the alkali peak in glasses where Cs systematic-
ally replaced Li increased with increasing Cs content, as 
shown in Figure 17. Obviously the activation energy for the 
alkali peak is directly proportional to the peak temperature. 
This strongly supports the previous idea that changes in 
peak temperature can be interpreted on the basis of similar 
changes in the activation energy. 
The increase in activation energy of the alkali peak 
upon the addition of a second alkali is most probably due to 
two factors. The first is the decrease in concentration of 
the primary alkali. It is well established that the activa-
tion energy for the alkali peak of single alkali silicate 
glasses increases as the alkali content decreases. ( 29 ) An 
-additional increase in the activation energy could also 
result from the increased bond strength predicted by 
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?, - • ( 2 ) . 0 ( 2 5 ) 
,1azur1n and W~yl. An increase in the strength of the 
alkali-oxygen bond would be expected to increase the 
activation energy by increasing the difficulty of breaking 
the alkali ion free from its initial site, rather than by an 
increased difficulty of movement of the alkali ion through 
the structure. With our present knowledge, it is not 
possible to separate these two factors. 
It must be emphasized that a change in peak temperature 
can be due to a change in mechanism, as well as a change in 
activation energy. Hence, one cannot assume equivalent 
activation energies for different mechanisms simply because 
the internal friction peaks occur at the same temperature. 
Conversely, peak temperatures for various mechanisms may 
differ even though the activation energies associated with 
these mechanisms are identical. For example, Milberg( 43 ) 
reported that the activation energy for electrical conduc-
tion in a Li 20·3.0 Si0 2 , Na20·3.0 Si0 2 and a K20·3.0 Si0 2 
glass is 14.8 kcal/mole. However, the alkali peak tempera-
tures for these glasses differ by 7°C. In each glass, a 
different type of alkali ion is moving. There are, there-
fore, slight differences in the mechanisms involved in the 
movement of diff~rent alkali ions. This difference is in 
the T term, i.e., the entropy of activation. Whether this 
0 
small difference in alkali peak temperature for the_ R20·3.0 
Si0 2 glasses can be used to evaluate the entropies of 
activation remains to be determined. 
As stated previously, a correlation would be expected 
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between the alkali peak of mixed-alkali silicate glasses and 
other alkali sensitive properties such as electrical 
conductivity and dissipation factor, alkali diffusion, and 
alkali chemical durability. 
The most thoroughly studied alkali sensitive properties 
of mixed-alkali glasses are the electrical properties. 
Electrical conductivity and dissipation factor both exhibit 
a pronounced minimum as the alkalis are mixed.< 2 , 4 ,lO) This 
is indicative of a decreased mobility of the alkali ions in 
these glasses. The a~tivation energy for electrical 
conductivity exhibits a large maximum in all mixed-alkali 
t · 1 ~ a· d <s, 6 , 11 > · 20 a 21 sys ems prev1ous y s u 1e • F1gures an 
illustrate how the electrical conductivity and activation 
energy for electrical conductivity, respectively, are 
changed when each of the other alkalis are substituted for 
C . .1. t 1 ( 6 ) s 1n s1 1ca e g asses. 
As discussed previously, the internal friction measure-
ments also indicate a reduction in the mobility of the alka-
li ions as the alkalis are mixed, i.e., the reduction in 
peak height. Similarly, the shift of the alkali peak to 
higher temperatures, indicative of a higher activation 
energy for alkali ion ~ovement, agrees with the measurements 
of activation energy for-electrical conductivity. Thus 
there is good correlation between the behavior of the 
alkali internal friction peak and the electrical properties 
of mixed-alkali silicate. glasses. 
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Figure 20. Dependency of Electrical Resistivity of (l-X)Cs 20· 
X R20·5.7 SiOf Glasses upon the R2o Concentration 





















Li ... Cs 
Figure 21. Dependency of Activation Energy for Electrical 
Conduction of (l-X)Cs 20·X R20·S.7 Sio2 Glasses 
upon the R2o Concentration (From Hakim(G)) 
i.O 
Tl 
be established between the behavior of the alkali internal 
friction Peak and both alkal~ d~ffus~on(l 4 ,lS) d lk - · ...... ...... ...... an. a .. r.il.~ 
chemical d b "l"t (16,17) h . ura ~ l y. In eac ~nstance, there is a 
reduction of alkali mobility and an increase in the activa-
tion energy for alkali movement. The agreement bet'tveen the 
behavior of the alkali internal friction peak and other 
alkali-dependent properties of mixed-alkali silicate glasses 
furnishes further experimental evidence for the validity of 
the general assumption that this peak is due to the stress 
induced movement of alkali ions. 
Since the current hypotheses regarding the nature of 
the mixed-alkali effect were all derived in an attempt to 
explain the alkali-sensitive electrical properties, several 
of them provide a satisfactory explanation for the behavior 
of the alkali internal friction peak. For example, the 
dynamic approach of Weyl(ZS) and the field strength approach 
of Mazurin{ 2) both predict an increase in the strength of 
the alkali-oxygen bond. This should lead to a decreased 
mobility for the alkali ions and an increase in the activa-
tion energy for alkali ion movement. 
Phase separation( 2 G) might also account for such behav-
ior. Separation of the glass into alkali-rich and alkali-
poor phases could conceivably cause a net reduction in 
alkali mobility and an increase in activation energy for 
alkali movement. 
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B. Hixed Peak 
A new internal friction peak in mixed-alkali silicate 
glasses can occur at temperatures above, equal to, or less 
than that of the non-bridging oxygen peak, depending upon 
which two alkalis are present. It is especially sensitive to 
small concentrations of a second alkali, increasing rapidly 
in magnitude as the second alkali is added. Other important 
characteristics of this peak are the distribution of 
relaxation times and the trends in the peak temperature and 
height within and between compositional systems. 
One of the most important features of the mixed peak is 
its extreme sensitivity to the presence of a second alkali. 
For example, an addition of 0.125 mole percent Na2o to a 
Li 20·3.0 Si0 2 glass results in a mixed peak height of 2 x 
10-3 • The height of the non-bridging oxygen peak of the 
-3 . Li2 0·3.0 Si0 2 glass is only 1.6 x 10 and is the result of 
25.0 mole percent Li 20. An addition of only 0.50 mole 
percent Na2o to the Li20·3.0 Si02 glass produces a mixed 
peak which is as large as the alkali peak in a glass 
containing 25.0 mole percent Li 20. The mixed peak is 
apparently much more sensitive to compositional changes than 
either the alkali or non-bridging oxygen peaks. 
The activation energy for the mixed peak, shown in 
Figure 18 for the Li-Na glasses, follows the same trend as 
the peak temperature, i.e., reaches a minimum as the alkal~ 
are mixed. The activation energy of the mixed peak is 
approximately twi·ce that. of the alkali peak, Tables VI and 
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VIII. The position of the minimum peak temperature, or 
activation energy, shifts toward higher concentrations of 
the larger ion as the size difference between the alkali 
ions increases. However, it does not necessarily occur at a 
composition containing a majority of -the larger ion. The 
minimum peak temperature in the Li-Na and Li-K glasses, 
Figures 12 and 14, occurs at compositions containing more of 
the smaller·ion than of the larger ion. The trends in the 
Na-Cs and Li-Cs glasses indicate a minimum peak temperature 
for compositions containing a majority of the larger ion. 
Apparently, the minimum activation energy for this relax-
ation can occur at any relative content of the two alkali 
oxides. 
A comparison of the position of the maximum peak height 
in Figures 12, 13, and 14 shows that the maximum peak height 
always occurs at a composition containing a majority of the 
larger ion. As the size difference b~tween the two alkali 
ions increases, i.e., in the order Li-Na, Na-K, and Li-K, 
the position of the maximum peak height shifts toward the 
larger ion. The peak heights listed in Table IX illustrate 
another aspect of this behavior. The replacement of a large 
ion by a smaller ion produces a larger peak than does the 
converse. 
The variation in the positions of the maximum peak 
height and minimum peak temperature from one compositional 
system to another makes it difficult to select comparable 
glasse·s from each compositional system. It was decided, 
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therefore, to use those glasses containing equimolar quan-
tities of each of the two alkali oxides, i.e., 0.50 R20·0.50 
R20·3.0 Si0 2 for making comparisons between different 
compositional systems. Although this particular composition 
is not unique on the basis of internal friction, it has the 
advantage of having an identical number of each type of 
alkali ion. 
Figure· 22 illustrates the dependency of the activation 
energy for the mixed peak upon the radius ratio (Goldschmit 
Radii} of the two alkali ions. It is evident that the 
activation energy, and consequently the energy barriers 
associated with the relaxation, increases with increasing 
radius ratio. This suggests that a geometric factor is 
involved in the relaxation mechanism. Caporali( 22 ) 
suggested that the ion-mass ratio is important to the mixed-
alkali effect. Within experimental error, the activation 
energy could be considered a linear function of the ion-mass 
ratio, Figure 23. However, the scatter is much worse than 
that shown in Figure 22 for the radius ratio. 
The height above background of the mixed peak as a func-
tion of radius ratio is given in Figure 24. The similarity 
of this curve to the well-known force-displacement, or 
attraction-repulsion, curve of diatomic molecules is appar-
ent. At small radius ratios, there is a tendency for the 
peak height to increase with increasing radius ratio. How-
ever, at larger radius ratios, a counter effect becomes 
dominant and the peak height decreases with increasing 
TABLE IX 
Effect of Relative Size of Primary and Substituted Alkali Ions upon 
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Figure 24. Dependency of Mixed Peak l!eight Above Background upon Radius 
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radius ratio. 
There seems to be no clear relationship between the 
mixed peak height and the ion-nass ratio, as shown by Figure 
25. Since the error in each of these points is quite small, 
any empirical curve should pass through each of them. It 
therefore appears that mixed peak height is not a function 
of ion-mass ratio. 
The ratio of the experimentally measured peak width to 
that calculated from the activation energy, indicative of 
the broadness of the distribution of relaxation times, is 
given in Table·VI for those glasses for which the activation 
energy was measured. 
The constancy of this ratio for the Li-Na glasses 
indicates little change in the distribution of relaxation 
times for the mixed peak at different ratios of Na 2o to Li 2o. 
In the glass-2s containing equimolar amounts of two alkali 
ions, i.e., R/R' = 1, there is a slight decrease in this 
ratio with increasing radius ratio. This implies a gradual 
narrowing of the distribution of relaxation times as the 
radius ratio of the alkali ions increases. The 0.5 Li 20· 
0.5 Na 20·l.O Al 2o3 ·6.0 Si0 2 glass appears to have a smaller 
distribution of relaxation times for the mechanism causing 
the mixed peak than do comparable silicate glasses. 
Another measurement related to the distribution of 
. 1 1 t' t' ( 4 0) relaxation t~mes is the shear modu us re axa ~on ra ~o, 
equation 7. The magnitude of the relaxation ratio is 
independent of the temperature distribution of relaxation 
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times, depending only upon the concentration of relaxing 
units (see Figure 19). The height of the experimentally 
observed peak, however, depends not only upon the number of 
relaxing units, but also upon the distribution of relaxation 
times, decreasing as the distribution increases. The ratio 
of the peak height calculated from equation 8 using the 
relaxation ratio to that measured experimentally v1ill 
increase if the distribution of relaxation times increases. 
This ratio should remain constant if there is no change in 
the distribution of relaxation times and will be unity for a 
single relaxation time. 
There is little change in this ratio for the Li-Na 
glasses listed in Table VI. These values agree closely with 
those determined from the ratio of experimental and 
calculated peak widths. These two independent measurements 
both show that the distribution of relaxation times does not 
vary significantly for the mixed Li-Na silicate glasses. 
The relaxation ratio of the Li-Na aluminosilicate glasses 
measured by Steinkamp, (47 ) included in Table VI, is more 
precise than that of tlte Li-Na silicate glasses, due to the 
constancy of the background throughout the temperature range 
of the peak. These data suggest that there is no discern-
ible change in the distribution of relaxation times for the 
Li-Na aluminosilicate glasses as the Li to Na ratio varies 
from 0 .• 539 to 5.67. It will be assumed that the distribu-
tion of relaxation times for each of the other compositional 
systems behaves similar to that of the Li-Na glasses, i.e., 
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remains constant witl1in any g1ven compositional system. 
Before discussing possible relaxation mechanisms for 
the mixed peak, it lS necessary to summarize those condi-
tions which such a mechanism must explain. First, ..-,,Jithin a 
gJ_ ven system, the peak height initially increases ,,.pon 
substitution of the second alkali, passes through a maximum, 
and then decreases as the composition approaches that of the 
second end member. The peak temperature initially decreases, 
passes through a minim~m, and then increases again as the 
composition is varied from one end member to the other. 
There is little difference in the distribution of relaxation 
times within a given compositional system. Secondly, the 
trends between compositional systems seem to be related to 
the radius ratio of the alkali ions in the glass. The 
activation energy for the glasses where R/R' = 1 is directly 
proportional to the radius ratio of the two ions. A plot of 
the peak height as a function of radius ratio resembles the 
force-displacement curve of a diatomic molecule. There is a 
slight narrowing of the distribution of relaxation times 
with increasing radius ratio. Finally, the extreme 
sensitivity of the mixed peak to the presence and concentra-
tion of a second alkali must be reemphasized. 
C. Mechanisms for the Mixed Peak 
At least three possible mechanisms might be suggested 
for the mixed peak. First, the mixed peak might be due to a 
mechanism resulting from the second alkali similar to that 
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causing the alkali peak of single alkali silicate glasses. 
Secondly, phase separation might account for the mixed peak 
through an interaction of the two viscous phases. Finally, 
and most likely, the mixed peak migh·t result from some type 
of interaction between two different kinds of alkalis. 
One of the simplest explanations for the mixed peak is 
tDat it is merely an alkali peak, similar to the alkali peak 
of simple alkali silicate glasses, but due to the alkali 
present in lesser amounts. It is well established that the 
alkali peak initially occurs at high temperatures as an 
alkali oxide is added to silica and that it shifts continu-
ally to lower temperatures with successive additions of 
alkali. If one assumes that the single peak of many mixed-
alkali silicate glasses is in reality a composite of two 
alkali peaks, it follows that the peak due to the second 
alkali continually shifts to lower temperatures as this 
alkali is added, while the alkali peak of the base glass 
gradually shifts to higher temperatures as the content of 
the primary alkali decreases. Thus the new peak, due to the 
second alkali, appears initially as what has been termed 
the mixed peak, merges with another alkali peak at inter-
mediate compositions, and reappears as an alkali peak. 
Tne alkali peak of the base glass behaves exactly the 
opposite. 
Other properties of the mixed peak, such as the 
activation energy, the apparent constancy in the distribu-
tion of relaxation times within a given compositional 
system, and initial temperatures for the mixed peak in 
various systems can be explained on the above basis. 
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However, the peak height, or concentration of relaxing units, 
is not easily correlated with such an explanation. As 
staLed previously, the mixed peak is extremely sensitive to 
the presence of the second alkali. In the Li-Na glasses an 
addition of 0.50 mole percent Na 2o produces a mixed peak 
equal in size to that of the alkali peak of the Li 20·3.0 
Si0 2 glass, even though the relative amounts of the alkali 
causing these peaks differ by 50/l. Furthermore, the alkali 
peak of the_ glass containing 0.50 mole percent Na2o was only 
about one half that of the mixed peak, while the relative 
contents of the alkali supposedly causing each peak was 49/1. 
It is very difficult to visualize a change in the glass 
structure which could account for such a large difference in 
the relaxation resulting from each of the two alkalis 
present. 
Another factor which must be considered is the change 
in the peak height across a compositional system. Figure 
26, which shows how the height of the internal .friction 
peaks change for the Li-Na glasses when the mixed peak is 
assumed due to the second alkali, is considered typical of 
all of the compositional systems. Upon initial substitution 
of Na for Li, the mixed peak becomes larger, while the 
alkali peak simultaneously becomes smaller. If the mixed 
peak in the Li-rich glasses is indeed the alkali peak of the 
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Figure 26. Height Above Background of the Li and Na 
Alkali Peaks of (l-X)Li 20·X Na 20·3.0 Sio2 
Glasses Based ur:-on the .Z\ssumption that the 
Mj_xed Peak is also·an Alkali Peak 
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and a minimum as the alkalis are mixed. In other words, 
the relaxation due to the ions of a specific alkali must 
increase rapidly upon initial additions of that alkali, 
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decrease rapidly with further additions, and finally 
increase rapidly again as the other end of the compositional 
system is· approached. This behavior would seem to require 
rather drastic changes in the environment of the alkali ions 
as the conc~ntration of each alkali changes, even though the 
total aJ.kali content remains constant. While these changes 
may be possible and cannot be completely discounted, there 
seems to be no structural condition which will readily 
account for these changes. 
A clustering of alkali ions on a very small scale could 
conceivably produce rather abrupt changes in the environment 
of the alkali ions. There is little evidence, however, for 
the clustering of alkali ions in K, Rb, or Cs silicate 
glasses. ( 44 > It is especially doubtful whether clustering 
occurs in the K-Rb silicate glasses which have a mixed peak 
identical to that of the other mixed-alkali silicate 
glasses. On the other hand, lithium silicate glasses are 
believed to possess a large degree of clustering of alkali 
. (44) 1ons. However, there is no discernable difference in 
the behavior of the mixed peak in the glasses containing Li 
and in those which do not. It does not seem probable, 
therefore, that clustering of the alkali ions is especially 
important to the damping of mixed-alkali silicate glasses. 
A large scale clustering of alkali, or phase separation, 
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should be considered separately. This is not necessarily a 
clustering of alkali in terms of short-range-order, but 
rather a somewhat long range separation of the glass in·to 
regions of two different compositions. Charles(G) recently 
proposed that phase separation was responsible for the 
mixed-alkali effect in Li-Cs silicate glasses and implied 
that this explanation might extend to other mixed-alkali 
silicate sy·stems. He suggested that the formation of an 
alkali-rich and an alkali-poor phase could explain the 
electrical properties of mixed-alkali silicate glasses. If 
the more mobile alkali ions are concentrated in the discon-
tinuous phase, the d.c. conductivity would be reduced, as 
the continuous phase determines the d.c. conductivity. 
There are two immediate objections to an explanation 
of the mixed peak based on phase separation. First, 
although phase separation has definitely been observed in Li 
and Na silicate glasses, there is no .evidence of phase 
. . b ·1· t 1 ( 4 B) I separat~on ~n K, R , or Cs s~ ~ca e g asses. n a 
recent study where Cs was replaced by each of the other four 
alkalis in silicate glasses, Hakim(G) found no observable 
phase separation in K-Cs and Rb-Cs glasses. Phase separa-
tion was definitely observed ~n Li-Cs and Na-Cs silicate 
glasses. The similarity in the electrical conductivity and 
activation energy for electrical conduction in all of these 
mixed glasses, Figures 20 and 21, respectively, lead Hakim 
to conclude that the mixed-alkali effect could not be 
explained by phase separation. 
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The second objection to phase separation arises from a 
comparison of the internal friction of a glass known to be 
phase scpa~ated with one that is not phase separated. 
Figure 27 shows the internal friction curves for two glasses 
identical to those used by Hakim. (G) An additional Na-Cs 
glass containing 25 mole percent alkali is included for the 
purpose of comparison. Hakim found that the 0.075 Na 20· 
0.075 cs 20·0.85 Si0 2 glass exhibited definite phase 
separation, while the 0.075 K20·0.075 cs 20·0.85 Si0 2 glass 
did not. The internal friction curves for these two glasses 
are quite similar. The total alkali content of the glass 
does not appear to alter the general appearance of the 
internal friction curve, as is evidenced by the similarity 
of ·the curves for the 15 mole percent and 25 mole percent 
alkali Na-Cs glasses. It should be noted that a sodium 
silicate glass containing 15 mole percent sodium exhibits 
phase separation, while one containing 25 mole percent 
sodium does not. <49 ) The similarity of these three internal 
friction curves, in spite of their dissimilar phase separa-
tion characteristics indicates that phase separation cannot 
account for the mixed peak. 
A third explanation for the mixed peak is based on the 
size difference of the different alkali ions. When a stress 
is applied to a glass, certain r~gions of the structure will 
be placed in compression, while others are placed in tension. 
Consider an alkali ion originally in a site suddenly 
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Figure 27. Effect of Phase Separation upon the Internal 
Friction of Mixed-Alkali Silicate Glasses 
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compressive forces leads to a region of high strain energy. 
Similarly, an ion suddenly placed in tension resists the 
lengthening of its bonds and a region of high strain energy 
will be developed. If the ion in the compressive region is 
larger than the ion in the region of tension, a net reduc-
tion of the.total strain energy should result if the two 
ions change positions. Such a position interchange Gould 
include an absorption of energy and result in an internal 
friction peak. 
The activation energy of the mixed peak increases 
directly with the relative size, or radius ratio (Goldschmit 
Radii arc used throughout the following discussion) , of the 
two alkali ions, as shown by Figure 22. This is consistent 
with the concept of position interchange, since the energy 
necessary to alter the size of an interstice sufficiently 
to accomodate an alkali ion of a different size should 
depend directly upon the relative size of the ion originally 
present and the ion which replaces it. 
The peak height above background appears to be a more 
complex function of radius ratio than is activation energy. 
It is evident from Figure 24 that a radius ratio of about 
+ + . 1.36, or that of K to Na , produces the largest relaxat2on. 
Radius ratios either less than or greater than this yield a 
smaller internal friction peak for compcsitior1.s containing 
~quimolar quantities of the two alkalis. This optimization 
of the peak height as a function of radius ratio must be 





As stated previously, the height of an internal fric-
tion peak depends upon the concentration of relaxing units, 
the relaxation strength, and the distribution of relaxation 
times. Various parameters related to the distribution of 
relaxation times such as the ratio of the observed and 
calculate~ peak widths have shown there is little change in 
this distribution for the mixed peak from one compositional 
system to another. Therefore the height of the mixed peak 
can be considered to depend upon the product of the con-
centration of relaxing units and the relaxation strength. 
Within a given compositional system, the height of the 
mixed peak divided by that for the comparable Na-K glass is 
a constant, as shown in Figure 28. In other words, the 
height of the mixed peak relative to that of a Na-K glass 
containing the same ratio of the two alkalis is independent 
of composition. This is true so long as the large ion is 
replacing the smaller ion, and the concentration of the 
smaller ion remains equal to or greater than that of the 
larger ion. This behavior can be expressed by the equation 
where 
(12) 
-1 Q - peak height relative to that of rel -
the comparable Na-K glass 
C(Rl/Rs) =relative concentration-of 
relaxing units as a function 
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Figure 28. Relative Height Above Background of the Mixed 
Peak for (l-X)R20·X R~0-3.0 Sio2 Glasses 
99 
S(Rl/Rs) =relative relaxation strength 
as a function of radius ratio 
This equation does not indicate, however, how the relative 
concentration of relaxing units or relative relaxation 
strength varies for different compositional systems, i.e., 
radius rat.ios. It simply states that they are each a 
constant for a given radius ratio. 
The concept of an interchange of position of two alkali 
ions suggests a possible relationship between relative 
relaxation strength and compositional system. If the 
mechanism for the mixed peak involves such a position 
interchange, the proportion of energy absorbed per relaxing 
unit would be expected to depend upon the relative size of 
the alkali ions. In other words, the relaxation strength 
might increase linearly with radius ratio of the alkali ions. 
Although it is not possible to determine the absolute value 
of the relaxation strength for a given relaxing unit, it is 
possible to compare one relaxation strength with another. 
If one arbitrarily assumes a value of one for the relaxation 
strength of the Li-Cs couple, the value of the relative 
relaxation strength can be determined for each of the other 
compositional systems, as is shown in Figure 29. 
A value for the relative concentration of relaxing 
units for each compositional system can be determined from 
the known relative mixed peak he~ghts and the assumed 
linearity of relative relaxation strength as a function of 
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radius ratio. These values are also shown in Figure 29. 
The relative concentration of relaxing units appears to be 
an exponential function of radius ratio as is shown by 
Figure 30. The empirical equation describing this curve is 
;.vhere 
C(R1/Rs) = 2.8 x 10 4 exp(-3.46R1/Rs) (13) 
C(R1/Rs) = relative concentration of 
relaxing units as a function 
of radius ratio 
R1 = radius of the larger alkali ~on 
Rs = radius of the smaller alkali ion 
The decrease in the relative concentration of relaxing 
units with increasing radius ratio, as shown in Figure 29, 
may be due to two factors. First, the concentration of 
mixed-alkali pairs, and hence the concentration of these 
pairs which might participate in the·relaxation, might 
decrease. Second, the increase in the activation energy 
for the mixed peak might lead to a decrease in the concen-
tration of rel~xing units. 
A comparison of the changes in height of the alkali 
peak produced by equal substitutions of different alkali 
oxides, Figures 10 and 11, indicated a reduced tendency for 
two alkali ions to form pairs as the radius ratio of the two 
ions increases. A decrease in the concentration of mixed-
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Figure 29. Relative Height Above Background, Relaxation 
Strength, and Concentration of Relaxing Units 




































Figure 30. Relationship between Relative Concentration of 
Relaxing Units for the Nixed Pea:'< of ( l-X} R 20 · 
X R~0·3.0 Si0 2 Glasses and Radius Ratio 
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concentration of relaxing units for a position interchange 
even if the fraction of the mixed-alkali pairs participating 
in the relaxation remains constant. Hence, a decrease in 
concentration of relaxing units with increasing radius ratio 
would be expected for a position interchange mechanism. 
As the activation energy for a relaxation increases, 
the number of relaxing units which receive an amount of 
energy greater than the activation energy decreases. Hence 
the concentration of possible relaxing units which actually 
take part in the relaxation decreases. It has been shown 
that the activation energy for the mixed peak increases with 
". radius ratio and that this increase is consistent with a 
position interchange mechanism. It follows that the 
decrease in concentration of relaxing units resulting from 
this increase in activation energy is consistent with a 
position interchange mechanism. 
The low dielectric loss of mixed-alkali silicate 
glasses can also be interpreted on the basis of a position 
interchange. As no net charge displacement results from 
such a position interchange, this mechanism should not be 
electrically active. Thus, it would not produce electrical 
losses. A lack of reported data for dielectric loss in a 
frequency and temperature range comparable to those used for 
the internal friction measurements prevents an exact 
correlation of these two loss measurements. If, as the 
existing electrical data indicate, there is no corresponding 
electrical losses in the mixed-alkali silicate glasses, then 
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the mechanis1n responsible for the large mechanical losses 
must indeed be electrically inactive as has been assumed. 
It appears that the two principal characteristics of 
the mixed peak, i.e., peak height and activation energy can 
be explained on the basis of an alkali ion position 
interchange. The change in peak height with radius ratio 
can be accounted for by changes in both the relative 
concentration of relaxing units and the relative relaxation 
strength. The activation energy appears to be related to 
the amount of energy required to alter the size of an 
interstice so that it is better suited for an alkali ion 
other than that originally present in the interstice. 
Mechanisms involving independent movement of each kind of 
alkali ion or phase separation are not easily correlated 
with the mixed peak. 
D. The Mixed-Alkali Effect 
Three possible explanations for the mixed-alkali effect 
are believed to have some merit. These include phase 
separation,< 26 ) a mass effect as described by Weyl, {2S) and 
. "b d b . ( 2 } a f1eld strength effect as descr1 e y Mazur1n. 
Phase separation seems inappropriate as an explanation 
for the mixed-alkali effect, since the internal friction of 
mixed-alkali silicate glasses did not differ significantly 
for those glasses exhibiting phase separation and those 
which did not. Nevertheless, this explanation should 
probably not be completely discounted at this time. Whether 
some type of separation or clustering of the ions, other 
than that normally associated with classical phase 
separation, is responsible remains unknown at present. 
lOS 
It is more difficult to determine whether the mass 
difference or the field st.rength difference of the two 
alkali io.ns is the primary cause of the mixed-alkali effect. 
Both of these theories( 2 , 25 ) predict an increase in the 
strength of the alkali-oxygen bond whenever a pair of unlike 
alkali ions share a pair of non-bridging oxygen ions. 
However, the dynamic approach of Weyl( 2S) suggests that the 
mass difference of the two alkali ions is the most impor-
tant factor in the mixed-alkali effect. The field strength 
approach of Mazurin( 2 ) suggests that, since the charge of 
all alkali ions is essentially the same, i.e., unity, the 
radius differences should be the controlling factor. 
Neither of these explanations considers the difficulty of 
movement of the ions through the structure, but both predict 
an increase in the difficulty of breaking the bonds 
necessary to free the alkali ion from its initial site. 
The increase in the activation energy for the alkali 
peak is consistent with the increased bond strength 
predicted by either of these theories. However, each of 
them predicts ·that the increase in bond strength should in-
crease as the size or mass difference of the alkali ions 
increases. This is not confirmed experimentally, if the 
peak temperatures shown in Figure 10 are taken as a measure 
of the activation energy. Cesium, which has the greatest 
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size and mass difference fr:om lithium, yields the smallest 
change in activation energy for the alkali peak. On the 
other hand, sodium, which is the closest to lithium in size 
and mass, produces the largest change in activation energy. 
Thus, neither of these theories completely agrees with the 
changes in the activation energy of the alkali peak. A 
similar discrepancy occurs for peak height, as one might 
expect -that the reduction in peak height would be greatest 
in those systems where the strength of the alkali-oxygen 
bond was increased the most. However, this is not confirmed 
experimentally, as also shown in Figure 10. This discrepan-
cy can be eliminated by the assumption that the tendency to 
form pairs decreases as the size and mass differences of the 
alkali ions increases. 
It is felt that the mixed peak is strongly related to 
the overall mixed-alkali effect. This peak has been shown 
to be strongly dependent upon the relative sizes of the 
alkali ions, which suggests that it may be, at least in-
directly, related to the field strength of the alkali ions. 
No such relationship appears to exist between the behavior 
of the mixed-peak and the relative masses of the alkali 
ions. . . . h" h c 1" (22 ) For example, the lon-mass ratlo, w lC apora l 
has suggested as a measure of the asymmetry of vibration 
suggested by Weyl as the cause of the mixed-alkali .effect, 
appears to have little relation to the mixed peak. 
Figures 23 ~nd 25 show the mixed peak height and activation 
energy as a function of ion-mass ratio. A comparison of 
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Figures 22 c1~10. 21 with Figures 23 and 25 shows that the 
behavior of the mixed peak is better represented by the 
radius ratio of the alkali ions than by the ion mass ratio. 
A second factor favors the field strength approach of 
Xazurin as opposed to the dynamic, or mass, approach of 
'V'7eyl. By using isotopes of a given alkali, the ion mass 
ratio can be changed without changing the field strength. 
Table X gives the values of the internal friction peaks in 
three Li 2 0·3.0 Si0 2 glasses containing various proportions 
f L .6 d .7 o 1. an I.1. • If the mixed-alkali effect is present in 
these glasses, it should be small, as the mass difference 
between the lithium isotopes is only 15 percent. However, 
there is no observable mixed peak in these glasses. The 
alkali peak is only slightly changed, whereas it is affected 
very strongly in those glasses definitely exhibiting the 
mixed--alkali effect. 
The slight differences in the peak height and 
temperature of these glasses can readily be accounted for by 
the sodium impurity of the Li 2co 3 used in preparing the 
glasses. The estimated Na impurity in each glass is 
included in Table X. The decrease in peak height and shift 
to higher temperatures of the alkali peak parallels the 
increasing sodium impurity in the glasses. The slight 
changes in the non-bridging oxygen peak can also be 
explained by the presence of an overlapping Li-Na mixed 
peak. It is evident that the mass differences of the two Li 
isotopes produced no significant change in the internal 
TABLE X 
Temperature and Height above Background of the Alkali and Non-Bridging Oxygen 
Peaks of Glasses Containing Li 6 and Li 7 
Glass* Alkali Peak 
Temp. (°C) Height (x 103) 
Li20·3.0 Si0 2 
{93% Li7 , 7% Li6 ) 
0.50 Li~0·0.50 







Non-Bridging Oxygen Peak 











* Glasses prepared from pure Li~co 3 and Li~co3 obtained from Oak Ridge National 





friction of t.hese glasses. 
The results obtained by means of isotopes, combined 
with the results of the mixed-alkali glasses, suggest that 
the mixed-alkali effect is related to the size differences 
of the alkali ions, rather than to the mass differences. 
The results of the present study are considered to agree 
more closely with the theory of Mazurin( 2 ) than that of 
Weyl. ( 2S) 
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VI. Summary 
Internal friction measurements were utilized to study 
the mixed-alkali effect in silicate glasses containing 25 
mole percent total alkali oxide. Because of the lack of 
available physic~l property d~ta for these glasses, supple-
mental measurements were also made of the dynamic shear 
modulus, density and index of refraction. 
The mixing of two different alkali oxides produced the 
following changes in the internal friction. 
1. The alka~i peak always shifted to higher 
temperatures and decreased in height. The 
activation energy for this peak increased 
linearly with peak temperature as Cs was 
substituted for Li. The amount of change in 
the alkali peak for a given substitution of 
the second alkali decreased as the size 
diff8rence of the alkali ions increased. 
2. The distribution of relaxation times for the 
alk?li peak, as measured by the peak width 
at half-height 1 was independent of the alkali 
type for the single alkali silicate glasses. 
There app8ared to be no change in this 
distribution as Cs replaced Li. 
3. The non-bridging oxygen peak shifted to 
higher ten\peratures wiLh little change in 
height ir1 those glasses where it could be 
resolved. 
4. A new internal friction peak was observed in 
those glasses containing two different alkali 
oxides. This peak occured at temperatures 
above, equal to, or below that of the non-
bridging oxygen peak, depending upon which 
two alkalis were present. It always shifted 
to lower temperature and increased in 
magnitude as the alkalis were mixed. The 
activation energy for the peak varied di-
rectly as the peak temperature. It was 
extremely sensitive to the presence of the 
second type of alkali. 
5. The distribution of relaxation times 
associated with this new peak was 
independent of the relative concentrations 
of the two alkalis for the Li-Na glasses. 
However, the distribution of relaxation 
times decreased slightly as the radius 
ratio of the two alkali ions increased for 
those glasses containing equimolar ~mounts 
of the two alkalis. The activation energy 
for the new peak increased linearly with 




A previous investigation by RO~ger of the internal 
friction of mixed-alkali silicate. glasses revealed that 
a single, large, internal friction peak exists for many 
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of these glasses. Rotger suggested that this peak results 
from an increase in height and a shift to higher tempera-
tures of the alkali peak. This conclusion conflicted with 
th 1 d . 1 t . 1 f . '1 1 <4 , 12 , 13> b h e ow ~e ec r~c oss o s~m~ ar g asses, as ot 
loss processes depend upon the movement of alkali ions. 
Rotger's interpretation of the internal friction of 
mixed-alkali silicate glasses appears to be incorrect. The 
alkali peak, while shifting to higher temperatures, actually 
decreases in magnitude as the alkalis are mixed. The large 
peak observed by Rotger is the result of the growth of an-
other damping maximum. It therefore appears that the behav-
ior of the alkali peak can be correlated with the electrical 
properties of similar glasses. 
Several other conclusions can be drawn from the internal 
friction studies. 
1. The distribution of relaxation times for the 
alkali peak is independent of type and number 
of alkalis present in alkali silicate glasses. 
Hence it appears that the very short range order 
about an alkali ion does not affect the dis-
tribution of relaxation times for the alkali 
peak. 
2. The changes in alkali peak temperature and 
height above background resul·ting from the 
substitution of equal amounts of various 
alkali oxides for that of the parent glass 
implies that the tendency of the alkali ions 
to form mixed pairs decreases as the mass or 
size difference of the alkali ions increases. 
3. A new peak is present in mixed-alkali 
silicate glasses. The growth and shift to 
lower temperature of this peak with increasing 
concentration of the second alkali leads 
to the appearance of only one, large peak 
in many mixed-alkali silicate glasses, as 
observed by Rotger. The behavior of ·this 
peak is closely connected with the radius 
ratio of the alkali ions present in the 
glass. No similar correlation can be made 
with the ion-mass ratio. 
The mechanism proposed for this new peak 
involves a stress induced alkali ion position 
interchange. This mechanism can be used to 
explain the behg.vior .. of tll~ p_e_~~_.height, 
distribution of relaxation times, and 
-~--------------.. --- ---._. ______ ... __ -.. ..,, ___ .. --····· . ····· -. . . . --- . 
acti va tioi~_ .... ~n.e.rgy • 
. ----------------"-~ . ...-·-
5. Measurements of the activation energy for the 
alkali and mixed peaks support previous 
contentions that changes in the peak 
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temperature can be interpreted as 
corresponding changes in the activation 
energy. 
ThrGe proposed explanations for the mixed-alkali effect 
were considered, i.e., phase separation, (26 ) an increased 
alkali-oxygen bond strength due to mass differences, (2 S) and 
a similar effect due to field strength differences.< 2 ) Only 
>••·'•'·''-.•:._.-,..,_ .... ··->,_._ .O..L,-.·, • q •"> '_, ' •·<•< •• •••• ,,,, -·•••' • ~'-•'•'•''' '"'~'~"~"-~· '""' ' ,_., -~- '''-·'"'-··-,,' '- •> '' 
the latter appeared to be correlated with the internal 
friction of mixed-alkali silicate glasses. 
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Sa.mple Data Sheet for a 1.0 Na 2o·3.0 Sio 2 Glass 
Sample length = 70.8 mm. 
Sample diameter = 0.548 mrn. 
Moment of inertia= 4847.9 gm.-cm~· 







-186 -181 5 2.45716 7078 7754 
-178 -175 3 2.46053 6695 7363 
-167 -165 2 2.46421 7340 7980 
-158 -156 2 2.46758 7573 8331 
-149 -148 1 2.47071 6949 7674 
-142 -141 1 2.47385 7121 7800 
-134 -133 1 2.47636 7262 8018 
-127 -126 1 2.47951 7341 8168 
-118 -116 2 2.48192 7401 8297 
-111 -110 1 2.48416 7535 8446 
-104 -103 1 2.48679 7481 8533 
- 89 - 89 0 2.49385 7546 8789 
- 75 - 75 0 2.50023 7711 9292 
- 62 - 63 1 2.50885 7721 9917 
- 54 - 55 1 2.51404 7592 10144 
- 45 - 46 1 2.52108 7523 10560 









































TABLE XI Continued 
Temperature Temp. Period t tl6 
-1 Shear Modulus Q 
Diff. (sec.) 0 (X 10 3 ) (dvn~s X 10-11) X 10 5 ) #1 #2 ( OC) (sec. em 
- 31 - 32 1 2.53456 7527 11224 7.98 2.383 
- 27 - 27 0 2.54047 7871 11648 7.83 2.371 
- 20 - 20 0 2.54682 7578 10717 6.95 2.360 
- 13 - 13 0 2.55140 7481 9849 5.48 2.351 
4 4 0 2.55533 7392 8904 3.71 2.344 
4 4 0 2.55680 7456 8689 3.02 2.341 
11 11 0 2.55939 7420 8315 2.27 2.336 
20 19 1 2.56084 7359 8009 1.72 2.334 
34 35 1 2.56316 7058 7608 1.48 2.330 
40 42 2 2.56423 7907 8437 1.25 2. 32 8 
49 51 2 2.56591 7217 7688 1.21 2.324 
57 59 2 2.56682 7337 7916 1.53 2.323 
72 74 2 2.56922 7316 7903 1.53 2.318 
79 81 2 2.57130 7755 8462 1.71 2.315 
88 90 2 2.57285 7340 8128 2.02 2.312 
103 104 1 2.57657 7479 8335 2.15 2.305 
116 117 1 2.57934 7462 84 79 2.50 2.300 
130 131 1 2.58309 7457 8720 3.09 2.294 
144 145 1 2.58744 7538 8960 3.46 2.286 
159 159 0 2.59123 7539 9233 4.02 2.279 
174 173 1 2.59634 7925 9972 4.56 2.270 
183 183 0 2.59995 7754 10061 5.14 2.264 
192 191 1 2.60305 7304 9405 5.02 2.259 
201 201 0 2.60686 7442 9484 4.83 2.252 
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Figure 31. Internal Friction and Shear Modulus of 
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Figure 32. Internal Friction and Shear Modulus of 






























































Figure 33. Internal Friction and Shear Modulus of 
a 1.0 Na 20·3.0 Sio2 Glass 
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Figure 34. Internal Friction and Shear Modulus of 
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Figure 35. Internal Friction and Shear Modulus of 
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Figure 36. Internal Friction and Shear Modulus of 





























Figure 37. Internal Friction and Shear Modulus of 
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Figure 38. Internal Friction and Shear Modulus of 
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Figure 39. Internal Friction and Shear Modulus of 
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Figure 40. Internal Frictio~ and Shear Modulus of 
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Figure 41. Internal Friction and Shear Modulus of 
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Figure 42. Internal Friction and Shear Modulus of 


























Figure 43. Internal Friction and Shear Modulus of 
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Figure 44. Internal Friction and Shear Modulus of 
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Figure 45. Internal Friction and Shear Modulus of 
































Figure 46. Internal Friction and Shear Modulus of 
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Figure 47. Internal Friction and Shear Modulus of 













































Figure 48. Internal Friction and Shear Modulus of 
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Figure 49. Internal Friction and Shear Modulus of 
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Figure 50. Internal Friction and Shear Modulus of 











O.I5Li 20·0.85K 2 0 ·3.05 i 02 2.3 (j) 
,.., I 0 1'1 
X l> :::0 
-;" 
0 ~ 
10 0 0 
z c 




(..) / (j) 
0: / 
LL / 2.0~ 
;:, 
_J / C> U> 
<t / ........ z / 0 a:: / ~ w / X I 
r-
z 0. 
l = I 1.7 . 
-200 0 200 400 
TEMPERATURE - oc 
Figure 52. Internal Friction and Shear Modulus of 
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Figure 53. Internal Friction and Shear Modulus of 
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Figure 54. Internal Friction and Shear Modulus of 
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Figure 56. Internal Friction and Shear i~odulus o£ 





































































Figure 57. Internal Friction and Shear Modulus of 
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FigurP. 58. Internal Friction and Shear Modulus of 
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Figure 59. Internal Friction and Shear Modulus of 
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Figure 60. Internal Friction and Shear Modulus of 
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Figure 61. Internal Friction and Shear Modulus of 
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Figure 62. Internal Friction and Shear Modulus of 



















































Figure 63. Internal Friction and Shear Modulus of 






































Figure 64. Internal Friction and Shear Modulus of 
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Figure 65. Internal Friction and Shear Modulus of 






























Figure 66. Internal Friction and Shear Modulus of 
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Figure 67. Internal Friction and Shear Modulus of 





































































Figure 68. Internal Friction and Shear Modulus of 
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Figure 69. Internal Friction and Shear Modulus of 
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Figure 70. Internal Friction and Shear Modulus of 



















































Figure 71. Internal Friction and Shear Modulus of 









































' 0.05Na20·0.95K 2 0·3.0Si02 i 2.1 
10 
rs 
/ I / 
/ 
/ ________ .,/ 
~--~----~--~----~--~----~--~1.5 
-200 0 200 400 
TEMPERATURE- °C 
Figure 72. Internal Friction and Shear Modulus of 
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Figure 73. Internal Friction and Shear Modulus of 
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Figure 74. Internal Friction and Shear Modulus of 
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Figure 75. Internal Friction and Shear Modulus of 
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Figure 76. Internal Friction and Shear Modulus of 










































































Figure 77. Internal Friction and Shear Modulus of 













































' 0 ~ 
X 
0, 
~--~~~0----~--2-0~0----~--4-0~o--~ 2 · 2 
TEMPERATURE - °C 
Figure 78. Internal Friction and Shear Modulus of 






































Figure 79. Internal Friction and Shear Modulus of 
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Figure 80. Internal Friction a~d Shear Modulus of 
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Figure 81. Internal Friction and Shear Modulus of 
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Figure 82. Internal Friction and Shear Modulus of 
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Figure 83. Internal Friction and Shear Modulus of 








































































Figure 34. Internal Friction and Shear Modulus of 
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Figure 85. Internal Friction and Shear Modulus of 
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Figure 86. Internal Friction and Shear Modulus of 




























































Figure 87. Internal Friction of a 0.075 Na 2o·0.075 cs 2o· 






































Figure 88. Internal Friction of a 0.075 K20·0.075 cs 20· 
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